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Abstract 
 

Salicylic acid is a phytohormone indispensable for plant immunity. Interactions between hosts 

and pathogens create selective pressures—a cycle whereby hosts evolve novel defenses and 

alarm systems while their pathogen counterparts evolve enhanced weaponry and stealth tactics. 

Not uncommonly, plants lose the war against pathogens and succumb to disease. If a plant does 

survive a pathogen attack, it may be left with battle scars that reduce vegetative growth and fruit 

yield and quality. Without question, human survival depends on the abilities of plants to defend 

themselves against and survive pathogen onslaughts. With an increased understanding of plant 

immunity, humans will gain the ability to modulate and augment plant defenses to minimize 

disease and yield losses. Arabidopsis thaliana thimet oligopeptidase (TOP) family TOP1 and 

TOP2 metalloendopeptidases bind salicylic acid and may, therefore, play critical roles in plant 

immunity. Our research demonstrates that TOP1 and TOP2 regulate hydrogen peroxide 

accumulation, programmed cell death intensity, and possibly chloroplast integrity during the 

hypersensitive response following infection by the hemibiotrophic bacterial pathogen 

Pseudomonas syringae. We hypothesize that TOP1 and TOP2 are central hubs in reactive 

oxygen species production and redox regulation, and, as such, may influence physiological 

responses during both abiotic and biotic stresses. 

 
Introduction 

 

Prelude 
 

Plants have evolved an elaborate immune system that senses and responds to environmental 

stimuli to enable acclimation and increased tolerance or resistance against pathogens and disease. 

However, plant defense responses represent enormous energy costs. Fitness, therefore, is relative 

to the abilities of a plant to balance mobilization of its defensive resources under appropriate 

conditions (Durrant and Dong, 2004). Increased knowledge of plant immunity may forward the 

production of novel plant defense elicitors and, in addition, potentially uncover animalian 

orthologs and components of the basal eukaryotic cell defense machinery (Greenberg and Yao, 

2004). Researchers must study the interactome—the proteome and the mass complexity of 



3 
CONFIDENTIAL 

interconnections and crosstalk between signaling pathways—to understand the intricacies 

composing plant immunity. 

 

Salicylic Acid and Plant Immunity 
 

Salicylic acid (SA) is an endogenous phenolic phytohormone having essential regulatory roles in 

plant immunity, and is necessary for normal physiological functioning and development (Figure 

S1) (Vanacker et al., 2001; Vlot et al., 2009). SA is involved in the regulation of 

microbe/pathogen-associated molecular pattern (MAMP/PAMP)-triggered immunity (MTI/PTI), 

effector-triggered immunity (ETI), and systemic acquired resistance (SAR)—collectively termed 

the resistance response—in angiosperm monocots and eudicots (Vlot et al., 2009). MTI is a 

weak, broad-spectrum form of resistance, whereas ETI is stronger, faster, and pathogen-specific. 

Although conceptually separated, an absolute division between MTI and ETI does not exist 

except for their modes of pathogen elicitor recognition: perception of MAMPs via cell surface 

pattern recognition receptors (PRRs) or perception of effectors via primarily intracellular 

Resistance (R) proteins, respectively (Coll et al., 2011; Dodds and Rathjen, 2010; Gimenez-

Ibanez and Rathjen, 2010; Padmanabhan and Dinesh-Kumar, 2010). 

R genes mostly encode intracellular receptor-like R proteins possessing nucleotide-

binding (NB) and leucine-rich repeat (LRR) domains (Vlot et al., 2009). In general, NB-LRR 

proteins directly or indirectly recognize immunosuppressant pathogen effectors (avirulence 

proteins) secreted into the cell, and then relay signals to stimulate SA biosynthesis in 

chloroplasts and activate ETI (Fragnière et al., 2011; Nishimura and Dangl, 2010; Vlot et al., 

2009). To activate defenses, the host plant must be able to recognize either MAMPs or effector 

proteins. If the host cannot recognize the effectors, then the host-pathogen interaction is 

compatible: the host is susceptible and the pathogen virulent and capable of causing disease. 

Reciprocally, host recognition of the effectors results in an incompatible interaction in which the 

host is resistant and the pathogen avirulent (Greenberg and Yao, 2004; Jones and Dangl, 2006). 

Depending on the host-pathogen relationship, SA can promote or repress the 

hypersensitive response (HR)—a form of programmed cell death (PCD) similar to apoptosis in 

mammals—at the zone of infection (Greenberg and Yao, 2004; Vanacker et al., 2001). In 

Arabidopsis thaliana, for example, SA can promote HR-PCD after infection with the avirulent 
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bacterium Pseudomonas syringae pv. tomato (Pst) DC3000 avrRpt2, or—indirectly through 

NON-EXPRESSOR OF PATHOGENESIS-RELATED (PR) GENES 1 (NPR1)—repress cell 

death after infection with the avirulent Pst DC3000 avrRpm1 (Rate and Greenberg, 2001; 

Vanacker et al., 2001). Additionally, SA can control photo-oxidative stress PCD spread by 

promoting the conversion of superoxide (O2•
-) to hydrogen peroxide (H2O2) and thus balance 

reactive oxygen species (ROS) production within chloroplasts to specifically disfavor PCD 

(Straus et al., 2010). Although its roles are highly debated, the HR may function by inhibiting or 

otherwise inducing signals that ultimately culminate in suppressing pathogen growth and 

dissemination (Coll et al., 2011). 

ROS, such as H2O2, are normally produced in chloroplasts and mitochondria as a 

byproduct of photosynthesis and oxidative phosphorylation, respectively. Under normal growth 

conditions, chloroplasts are the main source of ROS in photosynthetic tissues, whereas that role 

is fulfilled by mitochondria in non-photosynthetic tissues (Jaspers and Kangasjärvi, 2010). 

However, high levels of and the specific balance between nitric oxide (NO) and different ROS 

produced during abiotic or biotic stress may activate PCD (Delledonne et al., 2001; Gadjev et al., 

2008). During biotic stress, SA can inhibit the salicylic acid-binding proteins (SABPs) catalase 

(SABP1) and ascorbate peroxidase, two antioxidant enzymes in tobacco (Nicotiana 

benthamiana), to facilitate H2O2 accumulation from dismutated O2•
- (Chen et al., 1993b; Durner 

and Klessig, 1995; Vicente and Plasencia, 2011). N. benthamiana chloroplastic carbonic 

anhydrase (SABP3) and its Arabidopsis thaliana ortholog (AtSABP3) are known to have 

antioxidant activities and roles in HR activation, perhaps by influencing chloroplastic ROS 

production; this indicates that SA-binding activity in chloroplasts may contribute to redox 

homeostasis (Slaymaker et al., 2002; Wang et al., 2009b). 

Indeed, evidence has shown that H2O2 is a critically important signaling molecule that 

regulates chloroplastic SA biosynthesis and HR activation in response to pathogen infection (De 

Pinto et al., 2011; Snyrychová et al., 2009; Wolfe et al., 2000); for example, H2O2 can trigger 

mitogen-activated protein kinase (MAPK) signaling cascades, which mediate PCD primarily 

through interactions with WRKY transcription factors (Gadjev et al., 2008). High levels of SA 

may also inhibit acclimation to excessive light by reducing photosynthetic efficiency and thereby 

promoting ROS accumulation and PCD (Vicente and Plasencia, 2011; Vlot et al., 2009). 

Reciprocally, SA may act in a feedback loop to activate ROS detoxification pathways (e.g. by 
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mediating conversion of O2•
- to H2O2) and thus prevent PCD, protect photosynthetic machinery, 

and facilitate acclimation to high light intensities (Straus et al., 2010; Torres, 2010; Vicente and 

Plasencia, 2011). But greater H2O2 accumulation relative to O2•
- can initiate stress signals that 

promote runaway cell death (RCD), essentially an uncontrolled spread of PCD. However, as the 

potential for RCD increases after pathogen infection and enhanced SA activity, PCD is 

concomitantly restricted to the initial infection site by LESIONS STIMULATING DISEASE 

RESISTANCE RESPONSE 1 (LSD1) and Arabidopsis thaliana RESPIRATORY BURST 

OXIDASE HOMOLOG (AtRBOH) proteins (Dietrich et al., 1994; Torres et al., 2005). Clearly 

there exists a redox balance that, depending on intracellular crosstalk and epistatic signals, 

ultimately determines cell fate during an immune response (De Pinto et al., 2011; Miller et al., 

2008; Mittler et al., 2004). 

Generally during incompatible host-pathogen interactions, the HR precedes or is 

concomitant with SAR development; however, SAR development may not be a consequence of 

the HR (Liu et al., 2010b). SAR is an inducible and enduring defense system that confers broad-

spectrum pathogen resistance in systemic tissues distal from the original site of infection. Upon 

recognizing avirulence effector proteins, NB-LRR proteins may relay SAR-induction signals and 

upregulate production of SA in non-infected tissues (Greenberg and Yao, 2004; Liu et al., 

2010b). SAR development in Arabidopsis begins when SA is converted via Arabidopsis thaliana 

Benzoic Acid/Salicylic Acid Carboxyl Methyltransferase 1 (AtBSMT1) in locally infected tissue 

to the volatile ester methyl salicylate (MeSA), which can be transported long-distances 

systemically through phloem and be cleaved by Arabidopsis thaliana methyl/MeSA esterases 

(AtMSE)—orthologous to N. benthamiana SABP2—back into SA in uninfected tissues to 

initiate partial defense priming (Chen et al., 2003; Liu et al., 2010a; Park et al., 2007a; Vlot et al., 

2008a; Vlot et al., 2008b). More recently, however, multiple studies have found that mobile 

lipid-based signals may additionally facilitate SAR development under certain conditions (Liu et 

al., 2011b). 

Interestingly, a phenomenon termed systemic acquired tolerance has been observed in 

tomato and other species, and is characterized by a reduction in disease symptom development 

despite continued pathogen proliferation (Block et al., 2005). Mecey et al. (2011) found that 

Arabidopsis thaliana STAYGREEN (AtSGR) expression is upregulated during pathogen infection 

and promotes chlorotic cell death disease symptom development. Specifically, they found that no 
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chlorosis1 (noc1) mutants (AtSGR null) failed to develop chlorotic disease symptoms after 

infection with a virulent strain of Pst. Interestingly, noc1 mutants sustained intercellular Pst 

populations at a high level for longer than the wild-type control, in which Pst population levels 

eventually declined (Mecey et al., 2011). Previously it was found that SGR-family proteins 

function during senescence by entering chloroplasts and promoting photosystem disassembly and 

chlorophyll catabolism, thus causing leaf yellowing (Park et al., 2007b). These findings suggest 

that AtSGR upregulation may be a default defense mechanism against virulent pathogens (Mecey 

et al., 2011): at the cost of decreased photosynthetic output, chlorosis may suppress pathogen 

persistence in infected leaves by restricting nutrient supplies. Since chlorotic cell death occurs 

only during compatible infection with a virulent pathogen (Katagiri et al., 2002), this suggests 

that pathogen recognition in incompatible interactions enables suppression of AtSGR-mediated 

chlorophyll degradation. 

Key players in SA signaling pathways may differ between plant species, host-pathogen 

interactions, or under different environmental conditions (Attaran et al., 2009; Liu et al., 2011a). 

However, as a recurring theme during MTI and ETI, increased SA concentrations indirectly shift 

the intracellular redox state to a reducing environment, thus causing NPR1 oligomers to 

dissociate into active monomers, which are then imported from the cytosol to the nucleus and 

interact with transcription factors to alter gene expression (Durrant and Dong, 2004; Nishimura 

and Dangl, 2010; Zhang et al., 2010). Although NPR1-independent SA defense signaling is 

poorly understood (An and Mou, 2011), NPR1 is clearly known to be required for SA-mediated 

stomatal closure (during MTI), SAR development, and Pathogenesis-Related (PR) gene 

expression to prevent pathogen growth and dissemination in both local and systemic tissues, 

among other functions (Loake and Grant, 2007; Melotto et al., 2006; Spoel et al., 2009). 

Therefore, it is not surprising that mutants in SA-dependent resistance exhibit a mixture of 

phenotypes. 

Defense knockout mutants typically display high susceptibility to pathogen infection due 

to depleted SA levels and/or reduced PR gene expression (Vlot et al., 2009). These mutants may 

display HR-PCD but are incapable of sustaining the HR and chlorophyll catabolism (Greenberg 

and Yao, 2004). Mutants overproducing SA typically display—either singly or in combination—

enhanced resistance, spontaneous cell death lesions, curly leaves, and dwarfism (Dangl et al., 

1996; Loake and Grant, 2007; Vlot et al., 2009). 
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Incontestably, SA is critically important for plant immunity, yet still much remains to be 

discovered in SA signaling networks. Identifying SABPs in plants may establish focal points for 

defense signaling, pinpoint the long-sought SA receptor(s), identify a protein SA-binding motif, 

and perhaps even uncover SABP orthologs in animals, thereby increasing our understanding of 

both plant and animalian physiology. 

 

Functional Protein Microarrays and the Identification of SABPs 
 

Protein microarrays are an emerging high-throughput technology with a powerful potential for 

studying proteomes—protein-protein and other protein-molecule interactions (Hall et al., 

2007)—both qualitatively and quantitatively (Wolf-Yadlin et al., 2009). Klessig et al. isolated 

catalase, the first SABP to be identified (Chen et al., 1993b), using a [14C]SA size-exclusion 

chromatography assay (Chen et al., 1993a; Du and Klessig, 1997). Using [3H]SA, which has a 

higher radioactive specific activity, Klessig et al. were able to isolate the low abundant SABP2 

(Du and Klessig, 1997) and SABP3 (Slaymaker et al., 2002) from tobacco extracts; therefore, 

detection of SA-affinity was dependent upon the initial amount of plant material, the extraction 

procedure, and protein stability. With functional protein microarrays (FPM), plant-purified 

proteins are equally accessible to probing, and the majority are also equally represented in their 

active full-length native conformations (Hall et al., 2007; Popescu et al., 2007). In creating the 

FPM-5000, Popescu et al. individually cloned 5,000 A. thaliana open reading frames encoding a 

mixture of protein kinases, transcription factors, and other proteins with known and unknown 

functions. After expression in and purification from leaves of N. benthamiana, proteins were 

printed and immobilized on microarray slides, ready to be assayed. 

 
Preliminary Research 

 

To identify low-affinity putative SABPs (pSABPs), the Arabidopsis FPM-5000 chip was probed 

using 4-Azidosalicylic acid (4-AzSA) in four independent experiments (including controls) and 

analyzed using three criteria: (a) the fluorescence signal is low in the absence of 4-AzSA 

(negative control), which ensures that there is little nonspecific cross-reaction with the anti-SA 

antibody; (b) the fluorescence signal is high in the presence of 4-AzSA (treatment group); and 

(c) the signal ratio in the treatment group versus the control group is greater than three 
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(Figure 1). Only 93 proteins fulfilled these criteria at least 50% of the time, with only three 

achieving over 80%. One of these three proteins, TOP1 metalloendopeptidase, is characterized in 

this report along with its suspected paralog, TOP2, which was recently determined using an in 

vitro cross-linking assay to also have binding specificity for 4-AzSA (data not shown). 

Three independent assays were conducted using recombinant purified TOP1 (Figure 2A) 

to confirm its SA-binding ability: (a) in vitro 4-AzSA cross-linking to in planta-produced TOP1 

was confirmed to be specific via separation after SA competition of the 4-AzSA-TOP1 complex 

by SDS-PAGE followed by Western blotting using an anti-SA antibody (Figure 2B); (b) [3H]SA 

exclusion chromatography confirmed that TOP1-SA binding was specific (Figure 2C); and 

(c) Biacore™ surface plasmon resonance detected TOP1 binding to a 4-Aminoethylsalicylic 

acid-modified surface (data not shown). TOP1 proteolytic activity was measured in and varied 

depending on the presence or absence of SA and several types of divalent metal cations. SA 

primarily had an inhibitory effect on TOP1 activity (data not shown). Crystals of TOP1 prepared 

from protein isolated from Escherichia coli revealed that the protein exists as a homodimer 

(results not shown); however, TOP1-SA crystals are currently unavailable. Efforts to generate 

these crystals are ongoing. 

 
TOP1 and TOP2 pSABP Metalloendopeptidases 

 

TOP1 and TOP2 are predicted to be zincin-like metalloendopeptidases belonging to the 

peptidase M3 (clan MA(E)—the gluzincins)—two of the four known to exist in Arabidopsis—

and thimet oligopeptidase (TOP) protein families (Rawlings et al., 2008). TOPs preferentially 

cleave medium-sized peptides upon activation with thiol-containing compounds or residues 

(Rawlings and Barrett, 1995). Metalloendopeptidases are hydrolases that possess a HEXXH 

(His-Glu-X-X-His) motif consisting of three amino acid ligands that hold and stabilize a divalent 

metal cation (such as Zn2+ or Mn2+), which activates a water molecule for use in nucleophilic 

attack of endopeptide bonds, and a fourth amino acid that functions in catalysis (Beers et al., 

2000; Jongeneel et al., 1989; Rawlings and Barrett, 1995). Metalloendopeptidases are ubiquitous 

in all kingdoms of life yet have largely unknown functions in plants compared to their well-

characterized roles in animals (Beers et al., 2000). For example, human TOP is highly expressed 

in the brain, pituitary gland, and testes, and plays roles in metabolic reactions of the central and 

peripheral nervous systems and in preventing the accumulation of amyloid plaques responsible 
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for Alzheimer’s disease (Ray et al., 2004). Beers et al. (2000) proposed that plant 

metalloendopeptidases might play a direct role in PCD (Beers et al., 2000), though, to our 

knowledge, this has yet to be demonstrated. 

Sokolenko et al. (2002) performed a comparative analysis between the cyanobacterium 

Synechocystis sp. PCC 6803 genome and Arabidopsis peptidases and found that TOP1 and TOP2 

are 55% and 52% homologous, respectively, with a cyanobacterial oligopeptidase. Interestingly, 

this study also revealed that most paralogous peptidases of bacterial origin are not functionally 

redundant (Sokolenko et al., 2002). Polge et al. (2009) found evidence that TOP2 may act 

downstream of the cytosolic 20S proteasome in Arabidopsis leaves by further degrading the 

small peptides processed after oxidative damage under cadmium (Cd2+) stress. More specifically, 

they determined that TOP2 expression levels and TOP2 activity increased significantly 48-144 

hours after Cd2+ stress; however, TOP1 expression changed only slightly (Polge et al., 2009). 

Analogous to mammals, in plants the ubiquitin/ATP-dependent 26S proteasome degradation 

pathway is essential for protein turnover and gene regulation (Aiken et al., 2011; Robert-

Seilaniantz et al., 2011), and the ubiquitin/ATP-independent 20S proteasome (core protease of 

the 26S proteasome) seems to have a default role in degrading oxidized or misfolded proteins to 

prevent them from forming aggregates or functioning abnormally, all of which can disrupt 

cellular homeostasis and result in cytotoxicity (Aiken et al., 2011; Book et al., 2010; Dielen et 

al., 2010; Polge et al., 2009). 

This report characterizes the possible roles of TOP1 and TOP2 metalloendopeptidases in 

net H2O2 accumulation during the oxidative burst, PCD during the HR, maintenance of 

chloroplast integrity during biotic stress, and sensitivity to SA-induced cell death. We 

hypothesize that TOP1 and TOP2 directly or indirectly function antagonistically to ultimately 

upregulate photosystem quality control during abiotic and biotic stresses. 

 
Results 

 

Predicted Characteristics of the TOP1 and TOP2 Genes 
 

TOP1 and TOP2 (Figure 3) are located on opposite ends of chromosome 5 and share high 

sequence homology (Table 1), possibly indicating the occurrence of a past intrachromosomal 

duplication event or two separate horizontal gene transfer events from the chloroplast to nuclear 
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genome (Huala et al., 2001; Rawlings and Barrett, 1995; Sokolenko et al., 2002; Vision et al., 

2000). According to the Arabidopsis cis regulatory element database (AtcisDB), the TOP1 gene 

promoter is predicted to span an  ≈ 3.0 kilobase pair (kbp) region containing multiple regulatory 

elements. Interestingly, among the 48 regulatory elements predicted, there are four W-box 

elements—binding sites for WRKY transcription factors (Davuluri et al., 2003); WRKYs are 

activated in response to pathogen infection and regulate plant defense responses (Gadjev et al., 

2008). According to the Arabidopsis eFP Browser (AeFPB), TOP1 transcript expression levels 

are normally higher under diurnal light cycling and high light intensity and in leaves, pollen, and 

maturation zone lateral roots compared to TOP2 transcripts, which are more abundant under 

continuous light and in the primary root meristem. Compared to TOP2, TOP1 transcript levels 

are higher after exogenous SA application and exposure to Photosystem II (PSII) inhibitors. 

TOP1 and TOP2 expression levels increase in response to oxidative damage and high inoculum 

avirulent and virulent Pst DC3000 infections, but TOP1 expression begins increasing before 

TOP2 (Winter et al., 2007). 

Both TOP1 and TOP2 encode predicted metalloendopeptidases (Figure 4) possessing the 

characteristic C-terminal HEXXH motif plus an N-terminal pro-sequence and/or regulatory 

domain that may be required for proper protein folding and/or intracellular transport (Eder and 

Fersht, 1995; Rawlings et al., 2008; Sigrist et al., 2010; Sun et al., 2009). TOP1, but not TOP2, is 

predicted to possess an N-terminal serine-rich region containing a C-5 cytosine-specific DNA 

methylase (C5-MTase) functional active site, which includes the conserved cysteine residue 

required for methyl transfer. Strangely, only the C5-MTase active site is present in TOP1, 

whereas known plant C5-MTase generally contain this site in addition to multiple conserved 

C5-MTase motifs that cooperate in C5-methylation (Huang et al., 2010; Pavlopoulou and 

Kossida, 2007). According to the SUB-cellular location database of Arabidopsis proteins 

(SUBA), TOP1 and TOP2 predicted subcellular localizations vary (Table 2). Both have been 

detected in chloroplasts using mass spectrometry, but TOP2 has additionally been detected in the 

cytosol (Heazlewood et al., 2005; Heazlewood et al., 2007). 

 
Generation of the top1, top2, and top1 top2 Mutants 

 

Multiple lines containing T-DNA insertions in TOP1 and TOP2 (Krysan et al., 1999) were 

obtained from the Arabidopsis Biological Resource Center (ABRC) to explore the in vivo 
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functions of TOP1 and TOP2 (Table S1). top1 mutant lines 339, 439, and E07 and top2 mutant 

lines 127, 727, 509, and 554 were selfed (if required) to achieve homozygosity for each T-DNA 

insertion. TOP1 line G04 lacked the T-DNA entirely and was eliminated from future analyses, 

and top2509 and top2554 were also excluded to reduce the number of experimental lines. top1339 

and top1439 were crossed with top2127 and top2727 to generate top1339top2127, top1339top2727, 

top1439top2127, and top1439top2727 double mutants, which were then selfed to achieve 

homozygosity for both T-DNA insertions (Figure 5, Table S2). Since TOP1 and TOP2 cDNAs 

are 88% homologous (see Table 1), primer pairs for semi-quantitative RT-PCR analysis were 

created with reference to a cDNA alignment in order to properly interpret the PCR results 

(Figure 6). 

For the semi-quantitative RT-PCR, RNA was extracted from wild-type (WT) and single 

and double mutant lines, reverse transcribed into cDNA, and subjected to PCR analysis to 

determine transcript lengths and expression levels relative to the Col-0 WT (Figure 7, Table 

S3). top1339 had severely knocked-down (KD) expression of a truncated transcript likely 

approximating 1.0-1.3 kbp (330-435 amino acids) in length, top1439 had WT expression of a 

truncated transcript likely approximating 1.9-2.2 kbp (630-735 amino acids) in length, and 

top1E07 had WT expression of a full-length transcript containing the T-DNA insertion. top2127 

was likely a complete knockout because the T-DNA insertion is in an intron and the 3′ TOP2 

primer pair did not yield an amplification product. top2727 had moderate to severe KD expression 

of a full-length transcript containing the T-DNA insertion. top1 top2 double mutants resembled 

their respective single mutant expression profiles but with a couple exceptions: top2 expression 

levels in the top1339top2727 and top1439top2727 double mutants seemed to decrease even further, 

an indication that TOP1 and TOP2 may reciprocally regulate each other at the transcriptional 

level. Also, the top1339top2127 and top1339top2727 double mutants yielded an extra TOP1 34 

primer pair amplification product along with the expected-sized product. Since the 3′ TOP1 

primer pair confirmed the absence of TOP1 transcripts in top1339 single and top1339top2127 and 

top1339top2727 double mutants, this suggested that this primer pair was specific to TOP1 but that 

the TOP1 34 primer pair might be cross-reacting elsewhere in the genome unless the TOP1 

transcript in top1339 single mutants was not truncated until a great distance downstream of the T-

DNA insertion (which is less likely due to nonsense frameshift mutations). The presence of the 
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extra amplification product likely indicates cross-reaction elsewhere in the genome, but it is 

unclear why it would be specific only to the top1339top2127 and top1339top2727 double mutants. 

top1339 and top2127 are likely null mutants. The other mutants may also be null because 

translation of T-DNA-containing aberrant transcripts would give rise to mutant proteins with 

altered or defective functions (Wang, 2008); however, the same cannot be said for E07 (5′UTR 

insertion), though the T-DNA could influence TOP1 expression and transcript processing. For 

the sake of simplicity, all mutants were thus considered dysfunctional but potentially not null. 

 
Normal Growth Phenotypic Characterization of the top1, top2, and top1 top2 Mutants 

 

It is not completely definitive whether any of the top1, top2, or top1 top2 mutants had an obvious 

physically abnormal phenotype under normal growth conditions. Since the AeFPB suggested that 

TOP1 and TOP2 transcripts might be differentially localized within roots, root growth of top1339, 

top2127, and top1439top2127 mutants was observed. Preliminary experiments revealed that top1339 

and top2127 potentially had more hairy roots compared to the Col-0 WT, while the normal 

phenotype seemed restored in the top1439top2127 double mutant. Additionally, top1339 seemed to 

visibly have shorter than normal roots (results not shown). However, these phenotypes were not 

definitive due to significant phenotypic variation within each line (Figure S2), and it is possible 

that the other mutants (such as top1339top2127 and top1339top2727, which were not available at the 

time) may possess growth defects. 

 
top1 and top2 Single Mutants are Not Definitively Impaired in MTI or ETI 

 

SA is known to play critical roles in activating MTI and ETI (Vlot et al., 2009). Arabidopsis NB-

LRR proteins RESISTANCE TO PSEUDOMONAS SYRINGAE PV MACULICOLA 1 

(RPM1) and RESISTANCE TO PSEUDOMONAS SYRINGAE 2 (RPS2) recognize 

modifications to or destruction of RPM1-INTERACTING PROTEIN 4 (RIN4) by Pst effectors 

AvrRpm1 and AvrRpt2, respectively, and subsequently activate defense signaling (Dodds and 

Rathjen, 2010; Katagiri et al., 2002). RPS2-mediated resistance depends on SA biosynthesis and 

accumulation, while RPM1-mediated resistance does not (Gimenez-Ibanez and Rathjen, 2010; 

Katagiri, 2004). Pst mutants defective in the Type III Secretion System (T3SS), such as ΔhrcC, 

cannot secrete effector proteins into the host cell and elicit ETI; however, Pst T3SS mutants may 
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still be recognized through MAMPs and elicit MTI (Gimenez-Ibanez and Rathjen, 2010; Roine 

et al., 1997). 

To characterize the potential roles of TOP1 and TOP2 in MTI and/or ETI, top1 and top2 

single mutants (top1 top2 double mutants were not available at the time) were challenged with 

Pst DC3000 virulent (WT), ΔhrcC, avrRpt2, or avrRpm1 strains. Mutants were analyzed for 

visible disease symptoms at 4 days post-inoculation (dpi) (Figure 8) and changes in the amount 

of intercellular bacterial growth at 0, 2, and 4 dpi (Figure 9) to observe any defects in the 

resistance response compared with the Col-0 WT positive control and the rps2 and rpm1 

negative controls. top1 and top2 mutants displayed normal MTI and ETI resistance phenotypes, 

and only Pst avrRpt2 growth in top1E07 leaves was significantly greater compared to that in 

Col-0. Though it is uncertain, top1 and top2 single mutants may undergo slight HR-PCD after 

infection with a low titer of Pst avrRpt2 that is not normally sufficient to induce the HR in Col-0. 

Overall, these results indicate that TOP1 and TOP2 may have overlapping or redundant 

functions, if any, in protecting against Pst DC3000 infection. 

 
TOP1 and TOP2 Antagonistically Regulate ROS Accumulation during the Oxidative Burst 
 

Arabidopsis plants normally undergo an oxidative burst—an increase in ROS accumulation—to 

trigger the HR at initial sites of infection with a high titer (> 1 x 106 colony forming units/mL) of 

an avirulent pathogen (Mur et al., 2008; Wolfe et al., 2000; Zhang et al., 2004). SA contributes to 

HR induction, and H2O2 from the oxidative burst is known to directly influence HR activation 

during ETI (Levine et al., 1994; Tenhaken et al., 1995; Zhang et al., 2004). Pst T3SS mutants 

may also be recognized through MAMPs and trigger H2O2 production through MTI (Gimenez-

Ibanez and Rathjen, 2010; Torres, 2010). ROS produced during the oxidative burst are 

eventually quenched by ROS-scavengers (Torres, 2010). 

To determine if TOP1 and TOP2 might function in net ROS accumulation during the 

oxidative burst, top1 and top2 single mutants (top1 top2 double mutants were not available at the 

time) were analyzed using 3,3′-Diaminobenzidine (DAB) staining for qualitative differences in 

H2O2 accumulation after challenge with Pst DC3000 virulent (WT), ΔhrcC, or avrRpt2 strains at 

0, 6, 9, and 12 hours post-inoculation (hpi) (Figure 10, Figure S3). DAB can penetrate leaf cells 

and enable visualization of H2O2 accumulation (Thordal-Christensen et al., 1997; Wolfe et al., 

2000). DAB polymerizes and precipitates after oxidation by H2O2 in a reaction catalyzed by 
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peroxidase, and subsequently turns reddish-brown in color, with a darker color indicating higher 

H2O2 levels (Thordal-Christensen et al., 1997). 

Compared to the Col-0 WT positive control, top1E07 potentially exhibited greater H2O2 

accumulation at both 6 hpi and 12 hpi with Pst avrRpt2 and ΔhrcC, whereas this was only 

observed at 6 hpi for top2127 and 9 hpi for top2727. Dissimilarly, top1339 and top1439 exhibited less 

H2O2 accumulation at 6 hpi with Pst avrRpt2. The seemingly high H2O2 accumulation in top2727 

at 0 hpi with Pst avrRpt2 was likely due to severe wounding because the 0 hpi MgCl2 control 

revealed background staining levels; however, this is not completely conclusive. H2O2 did not 

significantly differ between top1 and top2 mutants and Col-0 at all other hpi with Pst virulent or 

ΔhrcC in comparison to MgCl2 control infiltrations. Overall, these results indicate that TOP1 and 

TOP2 may antagonistically regulate net ROS accumulation during the oxidative burst. 

 
TOP1 and TOP2 Antagonistically Regulate HR-PCD Initiation and Spread 

 

Sustained PCD during the HR is generally a phenomenon of ETI but not MTI (Torres, 2010), 

and LSD1 and AtRBOH proteins regulate ROS metabolism during secondary oxidative bursts to 

prevent RCD (Torres et al., 2005). Since TOP1 and TOP2 appeared to be involved in net H2O2 

accumulation during the oxidative burst, it was hypothesized that PCD intensity and/or spread 

during the HR might also be altered. 

Accordingly, top1 and top2 single mutants (top1 top2 double mutants were not available 

at the time) were qualitatively analyzed via Trypan Blue (TB) staining for differences in the 

amount of PCD after challenge with Pst DC3000 virulent (WT), ΔhrcC, or avrRpt2 strains at 24 

hpi (Figure 11). TB enables visualization of dead cells, which, due to loss of membrane 

integrity, can take up and retain the stain; this is useful for qualitatively detecting HR-PCD 

triggered during incompatible interactions with an avirulent pathogen (Keogh et al., 1980). top1 

and top2 mutants showed similar amounts of HR-PCD as the Col-0 WT positive control after 

infection with avirulent Pst avrRpt2. However, the top2 single mutants showed severe collapse 

in the infiltrated leaf halves before staining (results not shown). As expected, HR-PCD was not 

triggered during the compatible interaction (Pst virulent) or during MTI (Pst ΔhrcC). These 

results indicate that HR-PCD intensity and spread was not affected in the mutants; however, it is 

possible that a qualitative PCD phenotype was not observed because—at 24 hpi—HR-PCD may 



15 
CONFIDENTIAL 

have reached indistinguishable levels due to staining saturation. Additionally, PCD lesions may 

only become visible at an even later time. 

Therefore, a small-scale ion leakage experiment was conducted to allow quantitative 

HR-PCD comparisons between top1339, top2727, and top1439top2127 at 0, 8, and 16 hpi with Pst 

DC3000 avrRpt2 (Figure 12A). Ion leakage measures the relative amount of ions released by 

dead and dying cells as a result of membrane permeabilization caused by abiotic or biotic stress, 

and is, therefore, a conductivity measurement that can be used to quantify HR-PCD (Watanabe 

and Lam, 2006). top2727 had significantly higher conductivity levels at 8 hpi compared to Col-0, 

indicative of accelerated or higher intensity PCD. Dissimilarly, top1339 and top1439top2127 

mutants had statistically normal conductivity levels, though this may have been an artifact of the 

small sample size. Variation was too great at 16 hpi in both the mutants and controls to establish 

any significant differences. 

Infected leaves were assessed for the development of characteristic HR-PCD lesions at 

2-3 dpi (Figure 12B, Figure S4). top1339 and top2727 mutants displayed higher intensity and 

spread of HR-PCD compared to Col-0, indicating that the mutants may be defective in PCD 

initiation and/or RCD restriction. Intriguingly, top1439top2127 resembled the rps2 negative 

control: it displayed chlorosis, indicative of cell death. However, the chlorosis did not resemble 

the chlorotic cell death disease symptoms indicative of a compatible interaction. top1439top2127 

also showed signs of HR-PCD, albeit at a much lower intensity, surrounded by chlorosis; this 

phenotype suggested that ETI might not be completely impaired. Overall, these results indicate 

that TOP1 and TOP2 may antagonistically regulate HR-PCD and function together to enforce 

chloroplast integrity. 

 
top2 Mutants are Less Sensitive to SA-induced Cell Death 

 

High concentrations of exogenously applied SA (1-5 mM) can trigger cell death in leaves (Mur 

et al., 2008; Postel et al., 2010), likely by disrupting thylakoid membranes and photosynthesis to 

cause a hyperaccumulation of H2O2 while reducing chlorophyll content and, consequently, 

photosynthetic rate (Moharekar et al., 2003; Pancheva and Popova, 1998; Rao et al., 2012; 

Vicente and Plasencia, 2011). Contrastingly, low concentrations of exogenously applied SA 

(< 10 µM) can increase photosynthetic efficiency, possibly by upregulating AtSABP3 

antioxidant activity (Fariduddin et al., 2003; Vicente and Plasencia, 2011). 
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Since TOP1 and TOP2 are pSABPs, top1, top2, and top1 top2 mutants were analyzed for 

differences in SA-induced cell death sensitivity (Figure 13). Both top2 single mutants had 

significantly less SA-induced cell death compared to the Col-0 WT when infiltrated with 5 mM 

SA, whereas top1 and top1 top2 mutants appeared phenotypically normal. Compared with Col-0, 

no significant differences were observed in plants infiltrated with 10 mM SA, possibly because 

such high phytohormone levels were more disruptive to cellular homeostasis. Results from this 

experiment suggest that top2 mutants have decreased sensitivity to exogenous SA, which is 

relieved in the double mutants. 

 
Transgenic TOP1 Arabidopsis Lines are Available for Future Analyses 

 

TOP1 expression clones for complementation, native and constitutive subcellular localization, 

native tissue-specific localization, native protein complex pull-down, inducible overexpression, 

and constitutive, inducible-constitutive, and inducible-quantitative RNAi gene silencing were 

created and stably transformed into specific Arabidopsis backgrounds using Agrobacterium 

tumefaciens GV2260 (Figure 14, Table S4). However, the native subcellular localization 

expression clones—dpGreen BarT (Pro-cDNA(ns)-mGFP) and dpGreen BarT 

(Pro-Genomic(ns)-mGFP)—were obtained but could not, even after multiple attempts, be 

transformed into GV2260; therefore, native TOP1 subcellular localization cannot yet be analyzed 

in planta. Stable Arabidopsis transformants carrying these clones are currently undergoing 

selection. Once obtained, they will be used to confirm and further characterize the localization(s) 

of TOP1 and the in vivo functions of TOP1 and TOP2. 

 
Discussion 

 

Analysis of T-DNA-tagged Mutant Genotypes and Normal Growth Phenotypes 
 

The top1, top2, and top1 top2 mutants varied in transcript expression levels and truncation 

relative to the Col-0 WT. Recall that top1439 was determined to have normal TOP1 expression 

levels of a partly truncated transcript (possibly translated into a 636-726 amino acid length 

protein), and top2727 had markedly reduced expression of a full-length transcript containing the 

T-DNA insertion. These differences in transcript length and expression may manifest as loss-of-

function, gain-of-function, or dominant negative mutations, thus complicating our observations. 
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For example, TOP1 and/or TOP2 may complex with other proteins to perform specific activities, 

but decreased TOP2 levels may not be adequate for efficient completion of a particular process. 

Moreover, truncated TOP1 may be missing a critical functional or regulatory domain, such as 

one containing a site for post-translational modifications. Interestingly, phosphorylation of TOP1 

at serine residue 754 and TOP2 at serine residue 686 was detected by mass spectrometry and 

peptide chip analysis (van Bentem et al., 2008). Since top1339 and top1439 expressed TOP1 

transcripts that were truncated before these potential phosphorylation sites, if translated they may 

give rise to dysfunctional TOP1. Dissimilarly, top1E07 expressed full-length TOP1 containing the 

T-DNA insertion at wild-type levels under normal growth conditions. It is not clear why top1E07 

seemed to potentially hyperaccumulate H2O2 and support significantly more Pst DC3000 

avrRpt2 growth compared with Col-0. These two observations suggest that the top1E07 5′UTR 

T-DNA insertion may alter TOP1 expression and/or translation, thus making the results difficult 

to interpret. RNAi lines should be included as controls in future experiments to confirm our 

observations. Nonetheless, both single and double mutants displayed phenotypes representative 

of altered ROS homeostasis. 

 
TOP1 and TOP2 Regulate Cellular Redox Homeostasis and HR-PCD 

 

SA and ROS regulate development, cellular growth, and immune responses in plants (Swanson 

and Gilroy, 2010; Vlot et al., 2009). For example, ROS signaling is intimately involved in cell 

wall extensibility during development, notably in root hair meristems and pollen tubes (Swanson 

and Gilroy, 2010). Interestingly, TOP1 expression was detected during pollen germination and 

pollen tube growth using RNA hybridization to Arabidopsis Affymetrix GeneChips (Wang et al., 

2008), and phosphorylated and glycosylated TOP2 was detected in regenerating protoplast cell 

walls by 2-D PAGE followed by MALDI-TOF/MS (Kwon et al., 2005). Since top1 pollen was 

used successfully to make crosses with top2, TOP1 must not be essential for pollen germination 

and tube growth. If TOP2 influences cell wall development and extensibility, it also must not be 

essential because top2 mutants were viable. top1 top2 double mutants were also viable and could 

reproduce successfully, indicating that TOP1 and TOP2 may have nonessential functions. 

Regardless, TOP1 and TOP2 may be involved in redox homeostasis. 

Previous indirect evidence linked TOP2 to oxidative stress regulation downstream of the 

20S proteasome: Polge et al. (2009) found TOP2 expression levels and TOP2 activity to 
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significantly increase after Cd2+ stress, while TOP1 expression changed only slightly (Polge et 

al., 2009). In a different study, TOP2 protein abundance increased in cell cultures exposed to 

high concentrations of Cd2+, as determined by 2-D PAGE followed by MALDI-MS or NanoLC-

MS/MS (Sarry et al., 2006). According to Jaspers and Kangasjärvi (2010), only a few reports 

have highlighted the connection between ROS signaling and the proteasome (Jaspers and 

Kangasjärvi, 2010). The presence and amount of oxidation of certain amino acid residues, such 

as methionine, may serve as markers that target oxidized proteins for degradation by the 20S 

proteasome, which—unlike the 26S proteasome—remains active in the presence of H2O2 (Aiken 

et al., 2011; Davies, 2005; Polge et al., 2009). Cd2+ can inhibit PSII and antioxidant enzyme 

activities, resulting in uncontrolled ROS production and chlorophyll destruction. Concomitantly, 

detoxification or tolerization machinery are upregulated to prevent protein oxidation (Villiers et 

al., 2011; Zhang and Chen, 2011). Most protein oxidation is functionally damaging and 

irreversible, necessitating that damaged proteins be catabolized to prevent the transfer of 

damaging modifications to other cellular targets and the formation of protein aggregates, all of 

which can trigger cell death or other pathologies (Polge et al., 2009; Villiers et al., 2011). 

Since Polge et al. (2009) found evidence that TOP2 may act downstream of the cytosolic 

20S proteasome, it is possible that TOP2 may participate in the degradation of oxidized proteins 

to ultimately prevent PCD and alter redox homeostasis. In addition, Nakagami et al. (2006) 

demonstrated that H2O2-induced MAPK kinase kinase 1 (MEKK1) activation is regulated 

through proteasome-mediated turnover, and Miao et al. (2007) found that MEKK1 

transcriptionally activates and directly phosphorylates WRKY53 (also H2O2-inducible) to 

regulate senescence-induced PCD (Gadjev et al., 2008; Jaspers and Kangasjärvi, 2010; Miao et 

al., 2007; Nakagami et al., 2006). Recall that the predicted TOP1 promoter contains W-box 

elements, binding sites for WRKY transcription factors; therefore, TOP1 may also regulate PCD. 

Interestingly, Zhang and Chen (2011) found that exogenous SA could alleviate Cd2+-induced 

autophagic-PCD and photosynthetic damage in Arabidopsis, presumably by reducing ROS 

overproduction and thereby preventing oxidative stress (Yoshimoto et al., 2009; Zhang and 

Chen, 2011). Liu et al. (2005) determined that autophagic-PCD could negatively regulate HR-

PCD to restrict lesion spread in N. benthamiana (Liu et al., 2005); reciprocally, autophagic-PCD 

inhibition by ROS may be necessary for rapid HR-PCD activation in order to quickly contain an 

infection (Love et al., 2008; Van Breusegem et al., 2008). All these findings are consistent with 
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our observations that TOP1 and TOP2 antagonistically regulate ROS accumulation and HR-PCD 

during incompatible Pst infection: top1 mutants hypoaccumulated H2O2 while top2 mutants 

hyperaccumulated H2O2 during the oxidative burst, and top1339 and top2727 had increased 

HR-PCD spread and intensity at 2-3 dpi while top1439top2127 displayed chlorosis and had 

weakened HR-PCD. 

Interestingly, proteasomal degradation of NPR1 and RPM1 is necessary for proper SAR 

development and HR activation, respectively (Boyes et al., 1998; Dielen et al., 2010; Kawasaki 

et al., 2005; Spoel et al., 2009). It is possible that signaling oligopeptides may be produced 

through proteasomal degradation of these proteins (Cunha et al., 2008). Recall that TOP1 and 

TOP2 have been detected in chloroplasts using mass spectrometry, but TOP2 has additionally 

been detected in the cytosol; therefore, TOP2 may alternatively function by regulating 

degradation of these signaling oligopeptides in the cytosol to influence redox homeostasis and 

suppress PCD. Changes in the balance between NO and ROS in the cytosol may subsequently 

alter TOP1 and/or TOP2 activities in chloroplasts. Pst also secretes effectors that specifically 

target and disrupt thylakoid membranes in chloroplasts to suppress SA biosynthesis (Jelenska et 

al., 2007; Padmanabhan and Dinesh-Kumar, 2010); therefore, TOP1 and/or TOP2 may function 

to ultimately maintain chloroplast integrity during such attacks. 

 
TOP1 and TOP2 may Regulate Chloroplast Integrity during Immune Responses 

 

PSII is essential for splitting H2O and facilitating oxidative photosynthesis, but the PSII complex 

reaction center consists of multiple subunits that are highly susceptible to oxidative damage by 

ROS. To ensure that PSII functions properly, chloroplasts possess photosystem quality control 

repair machinery (Chi et al., 2012; Yoshioka and Yamamoto, 2011). Interestingly, Filamentous 

temperature sensitive H (FtsH) family proteins include the only known thylakoid membrane-

localized metalloproteases, and are responsible for repairing photodamaged PSII (Yoshioka and 

Yamamoto, 2011). For example, FtsH complexes can initiate degradation of the commonly 

photodamaged D1 subunit (essential for H2O-splitting) to facilitate its replacement with 

functional D1 (Nixon et al., 2005). FtsH protease complexes release peptide fragment 

degradation products into the chloroplast stroma, where it is suspected that secondary proteolysis 

occurs to complete the degradation process and maintain chloroplast homeostasis (Chi et al., 

2012). Interestingly, ROS may inactivate repair mechanisms by halting translation of PSII 
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subunit transcripts, such as those encoding the D1 protein (Takahashi and Murata, 2008). High 

ROS levels during stress, however, may also increase FtsH expression and, through redox 

regulation, facilitate FtsH complex formation and activation (Yoshioka and Yamamoto, 2011). 

Not surprisingly, suppressed FtsH levels have been associated with accelerated HR-PCD during 

pathogen infection (Padmanabhan and Dinesh-Kumar, 2010; Seo et al., 2000). 

Under normal conditions, TOP1 and/or TOP2 may function downstream of FtsH by 

further degrading damaged PSII subunit peptide fragments in the chloroplast stroma. However, 

when SA biosynthesis and PSII damage increase during certain abiotic or biotic stresses, SA may 

inhibit TOP1 and/or TOP2 to prevent degradation of these peptide fragments. Accumulation of 

these peptides may then be sensed as a stress signal that subsequently results in activation of 

photosystem quality controls, such as increased FtsH expression. Although chloroplasts are the 

main source of H2O2 in photosynthetic tissues, H2O2 may be produced in other organelles and the 

apoplast (Jaspers and Kangasjärvi, 2010) and is highly diffusible throughout the cell 

(Mubarakshina et al., 2010). Therefore, when H2O2 accumulates under stressful conditions, 

TOP2 may indirectly sense excess ROS in the cytosol and subsequently activate ROS-

scavenging pathways. Decreased ROS accumulation would then relieve photoinhibition and 

ensure chloroplast integrity. These hypotheses are supported by the observations that top1 

mutants hypoaccumulated H2O2 while top2 mutants hyperaccumulated H2O2 during the oxidative 

burst, and top1339 and top2727 single mutants had higher intensity HR-PCD while the 

top1439top2127 double mutant displayed chlorosis (chlorophyll degradation) and lower intensity 

HR-PCD following infection with a high titer of Pst DC3000 avrRpt2. This suggests that TOP1 

and TOP2 jointly enforce photosystem quality control—possibly through regulating net ROS 

production and redox homeostasis—which then directly influences HR-PCD initiation, intensity, 

and spread. 

Another possibility is that TOP1 and TOP2 may regulate AtSGR translocation into 

chloroplasts. Recall that AtSGR family proteins function in photosystem disassembly and 

chlorophyll catabolism during senescence (Park et al., 2007b), a process that is also regulated by 

SA (Vlot et al., 2009), and AtSGR expression is upregulated during compatible but not 

incompatible host-pathogen interactions (Park et al., 2007b). Interestingly, Mur et al. (2010) 

found that AtSGR-mediated photosystem disassembly contributes to net ROS production and 

HR induction during Pst DC3000 avrRpm1 infection. Specifically, they found that increased 
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AtSGR expression accelerates HR-PCD, whereas decreased expression suppresses HR-PCD 

(Mur et al., 2010). Consequently, TOP1 and TOP2 may regulate AtSGR activity in and/or 

transport into chloroplasts during incompatible infections. For example, SA may inhibit TOP1 

and TOP2 proteolytic activities, which may be involved in cleaving the AtSGR chloroplast 

transit peptide to prevent AtSGR translocation into chloroplasts. In other words, when SA levels 

rise during an incompatible infection, TOP1 and/or TOP2 may be inhibited to allow AtSGR 

transit into chloroplasts. Since the top1 and top2 single mutants displayed higher intensity HR-

PCD and spread after infection with a high titer of Pst DC3000 avrRpt2, the absence of either 

TOP1 or TOP2 may enhance AtSGR activity. Dissimilarly, the chlorosis and weakened HR-PCD 

phenotype in top1439top2127 suggests that the absence of both TOP1 and TOP2 may 

simultaneously compromise photosystem quality controls during enhanced AtSGR activity, thus 

altering redox homeostasis to disfavor PCD. 

 
Potential Functions of the TOP1 C5-MTase Functional Active Site 

 

It is unknown whether or not the C5-MTase functional active site is actually accessible in the 

putative TOP1 homodimer. If it is not, SA-binding to TOP1 might trigger a conformational 

change (perhaps causing dissociation of the homodimer), thus exposing the C5-MTase site. 

Regardless, TOP1 may use the C5-MTase site to somehow maintain chloroplast integrity, 

perhaps by binding to methylated cytosine residues on chloroplast plasmids (Ahlert et al., 2009) 

or RNA transcripts and subsequently recruiting true C5-MTases and/or activating transcription 

factors to modulate the expression of photoprotective chloroplast genes. Although Fojtová et al. 

(2001) did not detect the occurrence of chloroplast DNA methylation, Ahlert et al. (2009) found 

evidence that chloroplast DNA cytosine methylation could potentially occur in certain regions 

and under specific conditions, but is unlikely to affect gene expression (Ahlert et al., 2009; 

Fojtová et al., 2001). Nonetheless, it is possible that TOP1 could be recruited to methylated 

cytosines under certain stressful conditions to form a complex that somehow modulates 

photosystem quality controls. Alternatively, TOP1 may be involved in SAR development. 

A recent study by Liu et al. (2011) revealed that the MeSA requirement for SAR 

development in Arabidopsis depends on the duration of light exposure a plant receives following 

pathogen infection; regardless, MeSA was shown to be necessary for optimal SAR development 

(Liu et al., 2011a). The C5-MTase site of TOP1 may be directly involved in the conversion of 
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SA to MeSA or vice versa. All C5-MTases are known to use S-adenosyl-L-methionine as a 

methyl donor (Huang et al., 2010), including AtBSMT1 as it catalyzes the formation of MeSA 

from SA (Liu et al., 2010a). Therefore, TOP1 may form a complex with AtBSMT1 to participate 

in this enzymatic conversion, or TOP1 may complex with AtMSEs in systemic tissues and 

participate in MeSA cleavage to SA. Another possibility is that TOP1 uses its C5-MTase site to 

directly bind SA (which structurally resembles cytosine) and enhance MeSA—SA conversions. 

How these functions might link to photosystem quality controls is unclear. Perhaps TOP1 plays 

roles in both photosystem quality control and SAR development. 

 
Working Model of TOP1 and TOP2 in vivo Functions 

 

We propose that, through interactions with SA, TOP1 and TOP2 ultimately cooperate in 

enforcing photosystem quality control to maintain chloroplast integrity and prevent 

photoinhibition, especially from damages caused by ROS overproduction during MTI and ETI. 

Our findings may be summarized as follows. (1) top1339 and top1439 mutants hypoaccumulated 

H2O2 while the top2127 and top2727 mutants hyperaccumulated H2O2, suggesting that TOP1 and 

TOP2 antagonistically regulate net ROS production. (2) Conductivity measurements at 8 hpi 

with Pst DC3000 avrRpt2 revealed that top2727 had higher intensity HR-PCD, while both top1339 

and top1439top2127 had normal HR-PCD levels; this suggests that TOP1 may be epistatic to TOP2 

(i.e. TOP2 is upstream of TOP1), and indicates that TOP1 and TOP2 may antagonistically 

regulate HR-PCD, possibly through regulating net ROS production. (3) top1339 and top2727 single 

mutants displayed more HR-PCD lesions and spread 2-3 dpi with a high titer of Pst DC3000 

avrRpt2, whereas top1439top2127 displayed chlorosis and weakened HR-PCD; this suggests that 

TOP1 and TOP2 may together support chloroplast integrity—possibly through regulating net 

ROS production—which consequently influences HR-PCD initiation, intensity, and spread. 

(4) top2 mutants were desensitized to SA-induced cell death while top1 top2 mutants were not. 

However, the higher H2O2 accumulation in top2 mutants contradicts this result because 

autophagic-PCD would be inhibited, relieving negative feedback on HR-PCD and thereby 

allowing the lesion zone to expand. Therefore, these results might indicate that TOP2 inhibits 

autophagic-PCD while TOP1 is epistatic to TOP2 and promotes autophagic-PCD (again, 

possibly through regulating net ROS production). (5) Lastly, though it is not definitive, the 

top1339 and top2727 single mutants may have had more hairy roots compared to Col-0, whereas 
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the top1439top2127 double mutant seemed normal; this supports the role of TOP1 and TOP2 in net 

ROS production, and thus in developmental processes. 

Together, our findings support a model in which SA directly modulates the activities of 

TOP1 and TOP2 to influence net ROS production and thereby restrict PCD intensity and RCD, 

notably during biotic stress (Figure 15A). These interactions may additionally facilitate 

metabolic changes conducive to SAR development (Figure 15B). In this way, TOP1 and TOP2 

may be considered central hubs in ROS signaling networks and redox regulation, and thereby 

control several physiological responses during both abiotic and biotic stresses. 

 
Future Research 

 

Several experiments will be conducted to further characterize TOP1 and TOP2 functions in vivo 

and to reinforce and optimally restructure our model: (1) DAB and TB staining, bacterial growth, 

and resistance response analyses in all the double mutants; (2) large-scale ion leakage analysis 

incorporating all the single and double mutants; (3) SAR development, root growth, light stress, 

and senescence analyses in both the single and double mutants; and (4) subcellular and tissue-

specific localization, constitutive overexpression, and complex-pull down analyses of TOP1. 

Constitutive, inducible-constitutive, and/or inducible-quantitative RNAi gene silencing of TOP1 

and TOP2 can be used to confirm the double mutant phenotypes. Quantitative RT-PCR should 

be conducted to confirm TOP1 and TOP2 expression levels and determine whether they are 

reciprocally influenced, and to analyze differences in PR, FtsH, and AtSGR gene expression. If 

our model is valid, then TOP1 and/or TOP2 (and their homologs in other plant species) may 

potentially be targeted by necrotrophic pathogens to induce ROS accumulation and/or trigger 

PCD, and consequently suppress SAR development; therefore, it may be worthwhile to analyze 

immune responses of both the single and double mutants to challenge with Botrytis cinerea. 

 
Significance of SABPs in Humans 

 

Considering the importance of SA in plant immunity, it is not surprising that SA is present, albeit 

in small quantities, in most vegetables and fruits. Consequently, SA is a daily component of the 

human diet (Paterson et al., 2006). SA quantification from different food items has yielded 

variable results. But whereas fresh, unprocessed tomato fruit may contain between 1.6-3.6 µg 
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SA/g fruit, for example, a single tablet of the synthetic SA derivative acetylsalicylic acid 

(Aspirin) equates to 75-80 mg (Meher et al., 2011; Paterson et al., 2006; Scotter et al., 2007). 

Aspirin is a non-steroidal anti-inflammatory drug that has renowned medicinal applications as an 

antithrombotic, antipyretic, and analgesic (Miner and Hoffhines, 2007; Vane and Botting, 2003), 

and may even counteract the severity of arthritis and the incidence of heart attack, stroke, and 

certain cancers (Miner and Hoffhines, 2007; Vane and Botting, 2003; Vlot et al., 2009). 

Although SA and Aspirin have slightly different structures, both molecules affect mammalian 

biology in extremely similar ways; this is because Aspirin is deacetylated to SA within the liver 

and blood, and transported throughout the body (Paterson et al., 2006). Although the quantity of 

SA within tomato fruit is extremely low compared to a tablet of Aspirin, daily consumption of 

tomato and other fresh plant edibles may culminate in physiologically significant SA levels that 

endow the aforementioned health benefits. 

Surprisingly, however, SA biochemistry and metabolism in humans is poorly understood. 

Studies have shown that salicylates—Aspirin in particular—modulates eicosanoic acid 

metabolism to suppress inflammation and reduce pain (Mitchell et al., 1993). Identifying SABPs 

in plants has the additional potential to uncover SABP orthologs in animals and provide a better 

understanding of SA influences on human physiology. 

In mammalian cells, the main protein turnover pathway begins with protein degradation 

by the 20S proteasome into 3-24 amino acid peptides. Endopeptidases (e.g. human TOP) cleave 

9-17 amino acid peptides into < 6 amino acid peptides, and these small peptides may then be 

completely catabolized into free amino acids by aminopeptidases and either degraded or reused 

for protein synthesis (Polge et al., 2009; Saric et al., 2004). Alternatively, the 20S proteasome 

can process peptide antigens for presentation via the major histocompatibility complex class I, 

and human TOP appears to function by either degrading these antigenic peptides or generating 

new epitopes, thus limiting or promoting antigen presentation, respectively (Kessler et al., 2011; 

Kim et al., 2003; Kloetzel and Ossendorp, 2004; Rock et al., 2004; Silva et al., 1999; York et al., 

2003). 

Human TOP and its close homolog neurolysin have been implicated in angiogenesis and 

tumor growth (Paschoalin et al., 2007; Wang et al., 2009a) and are known to degrade several 

peptides, including the vasoactive peptides neurotensin and bradykinin (Norman et al., 2003; 

Paschoalin et al., 2005; Ray et al., 2004). TOP also degrades endogenous opioids—natural pain 
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killers—and, as previously stated, has been implicated in preventing Alzheimer’s disease (Kest 

et al., 1991; Ray et al., 2004). 

Intriguingly, TOP1 and TOP2 share considerable homology with human and mouse TOP 

and neurolysin (Table S5). Perhaps SA can modulate TOP and/or neurolysin activity, thus 

altering neurotensin, bradykinin, and endogenous opioid levels and, consequently, promote or 

repress vasodilation and blood clotting, pain perception, cancer, and/or neurological disorder 

development. And since TOP is involved in antigen processing, SA may also have 

immunomodulatory effects on humans. It would be interesting to see whether human or mouse 

TOP-SA and neurolysin-SA crystals can be obtained. 

 
Comparative Immunology 

 

Genome comparisons between species may identify developmental pathways involved in the 

evolution of analogous structures and systems; therefore, comparative immunology may provide 

insight into the potentials and limitations of immune system evolution. 

Analogous to interactions between nucleotide oligomerization domain (NOD) proteins 

and the Nuclear Factor-Kappa B (NFKB) transcription factor (and its cofactor IKB) in animals, 

SA and NPR1 signaling pathways in plants interact to regulate immune responses and cell 

growth, division, and apoptosis (Ausubel, 2005; Spoel et al., 2009; Vanacker et al., 2001). 

NPR1, like NFKB and IKB, also contains an ankyrin-repeat motif (An and Mou, 2011; Cao et al., 

1997), and one study found that salicylates could suppress NFKB activation (McCarty and 

Block, 2006). NFKB is also known to regulate mammalian proteasome expression and activity 

during oxidative stress (Aiken et al., 2011). Perhaps SA has the ability to modulate proteasome 

activity in Arabidopsis through interactions with TOP1 and/or TOP2, or indirectly through 

NPR1. 

PCD is essential for proper development in plant and animalian species (Eckardt, 2006), 

and SA and the phytohormone auxin are known to negatively interact in regulating plant 

development (Canet et al., 2010). Therefore, immunity may have evolved with or from and be 

intimately linked with developmental pathways (Vanacker et al., 2001). Nonetheless, the 

evolutionarily conserved MAPK signaling pathways, and the convergent evolution of analogous 

immune machinery and responses—such as transmembrane PRRs and the oxidative burst and 
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PCD, respectively (Ausubel, 2005; Coll et al., 2011; Torres et al., 2005)—provide evidence of 

common evolutionary solutions to selective pressures imposed on immune systems. 

It is intriguing that two completely different TOP lineages—potentially having evolved 

from the mitochondrial processing peptidase (MPP) conserved among all eukaryotes (Rawlings 

and Barrett, 1995; Sokolenko et al., 2002)—may have proteolytic functions in modulating 

immunity in both plants and mammals. Could the MPP have given rise to components of the 

basal eukaryotic cell defense machinery, which have since evolved immunomodulatory functions 

in complex organisms? 

 
Perspectives 

 

By determining how SA and other phytohormone signaling pathways function and interact in 

physiological development, metabolism, and defense responses (Kunkel and Brooks, 2002; 

Loake and Grant, 2007), it may be possible to engineer plants having durable resistance, prolific 

symbiotic interactions with beneficial microbes, optimal resource allocation, high productivity, 

and unmatched vigor. Human manipulation and strengthening of plant immunity is also a 

possibility via the application of plant defense activators: the benzothiadiazole acibenzolar-S-

methyl (Actigard®), a functional analog of SA, is one example of an environmentally safe 

synthetic chemical used in agricultural practices to stimulate plant immunity (Dao et al., 2009; 

Vallad and Goodman, 2004; Walters et al., 2005). Idealized crop phenotypes may one day be 

achievable, and the identification of SABPs brings us one step closer. 

 

Methods 
 

Plant Material and Growth Conditions 
 

Arabidopsis thaliana plants were grown in sterilized Pro-Mix® BX soil at an average density of 3 

plants per 3X3 inch pot. Seed dormancy was broken by incubating sown seeds at 4°C for 2-3 

days before transfer to a growth chamber. Normal growth conditions: 22°C and 60% relative 

humidity under a 16-hour photoperiod and photon flux density of 135-175 µmol m-2s-1. Growth 

conditions after Pst DC3000 infection: 22°C and 50% relative humidity under a 16-hour 

photoperiod and photon flux density of 145-185 µmol m-2s-1. Columbia-0 (Col-0) ecotype served 
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as the wild-type positive control for all experiments, whereas rps2 (Col-0 background) and rpm1 

(Col-5(gl1-1) background) resistance (R)-gene mutants served as negative controls. top1 and 

top2 T-DNA-tagged mutant SALK and SAIL lines were obtained from the Arabidopsis 

Biological Resource Center (ABRC) at The Ohio State University. T-DNA-tagged mutant line 

specifications are listed in Table S1. T-DNA insertion presence was confirmed via PCR (32 

cycles) using primers listed in Table S2. Pollen from top1339 and top1439 was used to make 

crosses with top2127 and top2727 to generate top1339top2127, top1339top2727, top1439top2127, and 

top1439top2727 T-DNA-tagged double mutant lines. 

 
Bacterial Strains and Growth Conditions 

 

Escherichia coli strains DB3.1 and DH5-α were cultured in liquid LB (MQH2O + 1% NaCl + 

1% tryptone + 0.5% yeast extract; pH 7.0, adjusted using HCl or NaOH) or on 1.5% LB medium 

at 37°C for 12-24 hours. Agrobacterium tumefaciens strain GV2260 was cultured in liquid LB or 

on 1.5% LB medium at 29°C for 1-2 days. Pseudomonas syringae pv. tomato (Pst) strains 

DC3000 virulent, DC3000 avrRpt2 avirulent, DC3000 avrRpm1 avirulent, and DC3000 ΔhrcC 

disarmed virulent were cultured on 1.75% KB medium (MQH2O + 2% Proteose Peptone #3 + 

0.15% K2HPO4*2H2O + 0.15% MgSO4*7H2O + 10 mL 100% glycerol; pH 7.0-7.2, adjusted 

using HCl or NaOH) at 29°C for 2 days, and then rinsed twice with and suspended in 10 mM 

MgCl2 before being infiltrated into Arabidopsis leaves. Pst dilutions were prepared starting from 

OD600 = 0.2 (≈ 1 x 108 CFU/mL). Pst extracted from Arabidopsis leaves were cultured on 1.5% 

LB medium at 29°C for 2 days. Appropriate antibiotics for selection were added to all media. 

 

Plant DNA and RNA Extraction 
 

DNA was extracted from rosette leaves of 2-weeks-old plants using DNA extraction buffer (200 

mM Tris pH 7.5 + 250 mM NaCl + 25 mM EDTA pH 8.0 + 0.5% SDS) followed by 

precipitation using isopropanol. RNA was extracted from rosette leaves of 2-weeks-old plants 

using TRIzol® Reagent (Invitrogen; Carlsbad, CA, USA) following the manufacturer’s 

instructions. RNA was subject to DNase treatment using RQ1 RNase-Free DNase (Promega; 

Madison, WI, USA) following the manufacturer’s instructions, and then re-extracted using 
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TRIzol® Reagent. RNA quality was determined by visualizing ribosomal RNA subunits via gel 

electrophoresis using a method described by Masek et al. (2005). 

 
Semi-quantitative RT-PCR 

 

RNA was reverse transcribed into cDNA using SuperScript® II Reverse Transcriptase 

(Invitrogen; Carlsbad, CA, USA) following the manufacturer’s instructions. Semi-quantitative 

PCR (28-29 or 34-35 cycles) was conducted using cDNAs as templates and specific primer pairs 

numbered 1-6 (see Primers methods section and refer to Figure 14 and Figure 6 to determine 

primers that correspond with each TOP1 clone or RT-PCR amplification fragment, respectively). 

Expected PCR product sizes for wild-type TOP1 and TOP2 cDNAs are listed in Table S3 for 

each primer pair. Actin 1 was amplified as an endogenous control. Semi-quantitative PCR 

analysis was conducted in duplicate (2 plants per line) for every line except top1339top2127 and 

top1339top2727, which were analyzed singly. Primer pairs for 5′ TOP1, 3′ TOP1, and 3′ TOP2 

seemed to amplify the intended regions specifically, whereas TOP1 34, 5′ TOP2, and TOP2 17 

primer pairs seemed to cross-react between TOP1 and TOP2, or possibly elsewhere in the 

genome. However, it is important to note that this cross-reaction could alternatively represent 

changes in TOP1 or TOP2 expression levels when one or the other is mutated; this can be 

confirmed using quantitative RT-PCR. Additionally, transcript level differences could represent 

epigenetic influences. 

 
TOP1 Cloning 

 

TOP1 expression clones were all created using either traditional Gateway® cloning technology 

(Invitrogen; Carlsbad, CA, USA), MultiSite Gateway® cloning technology (Invitrogen; Carlsbad, 

CA, USA), or restriction fragment digestion-ligation cloning (New England BioLabs; Ipswich, 

MA, USA) following the manufacturers’ instructions. TOP1 genomic DNA and 2 kb of the 

predicted promoter region were separately PCR-amplified from the BAC clone K21L13 

(obtained from the ABRC), whereas TOP1 cDNA was PCR-amplified from a pLIC-C-TAP 

plasmid vector carrying TOP1 cDNA (contains a silent A to G mutation at nucleotide 114). The 

500 bp TOP1 cDNA sequence used for RNAi cloning was determined using the Basic Local 

Alignment Search Tool (BLAST) to share 88% homology with TOP2 but no homology greater 
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than 19 bp with any other sequence within the Arabidopsis genome. Refer to Figure 14, Table 

S2, and Table S4 to follow through the cloning process, including the primers used, PCR 

fragments amplified, entry/intermediate and destination/final vectors used, entry and expression 

clones created, and the Arabidopsis backgrounds transformed with each expression clone. For 

more details regarding cloning procedures and the vectors used, refer to manufacturer instruction 

manuals and reports that describe the vectors (see Table S4). 

PCR fragments were amplified using the Phusion® High-Fidelity DNA Polymerase 

(Finnzymes; Espoo, Finland), gel-purified using the Zymoclean™ Gel DNA Recovery Kit (Zymo 

Research; Irvine, CA, USA), and then used for cloning. Note: all Pro-cDNA and Pro-Genomic 

TOP1 clones (except the MultiSite Gateway® clones) were created via overlapping PCR by using 

attB1-Pro-5′ORF and 3′Pro-ORF-attB2 as templates together in the same polymerization reaction 

for 5 cycles before adding primers (see Table S2 for more details). Entry clones were 

transformed into DH5-α via electroporation, selected transformants confirmed via colony PCR 

(bacteria from a single colony were added directly to the PCR reaction mixture), and plasmids 

extracted using the Zyppy™ Plasmid Miniprep Kit (Zymo Research; Irvine, CA, USA) and 

sequenced. For Gateway® cloning, entry clones were recombined with target destination vectors 

to generate expression clones, whereas for restriction fragment digestion-ligation cloning the 

sense and antisense arms were excised as single units and ligated into the target destination 

vectors (see Figure 14 and Table S2 for more details). Expression clones were transformed into 

DH5-α and selected and sequenced as described previously. Sequencing-confirmed expression 

clones were then transformed into GV2260 to generate host strains for A. tumefaciens-mediated 

transformation of Arabidopsis. 

 

Agrobacterium tumefaciens-mediated Stable Transformation of Arabidopsis 
 

Arabidopsis Col-0 wild-type, top1339, top1439, top1339top2127, and top1339top2727 were stably 

transformed via A. tumefaciens strain GV2260 (carrying a particular expression clone) using a 

method adapted from Clough and Bent (1998) and Logemann et al. (2006). Flower bolts of 

4-week-old plants were clipped to stimulate rapid lateral bolting. Lateral shoot inflorescences 

were prepared for transformation 1 week later by removing all but those that displayed a cluster 

of few unopened floral buds. GV2260 host strains from 2-day-old culture plates were 
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resuspended in inoculation medium (MQH2O + 5% sucrose + 0.05% Silwet L-77) to give 

OD600 = 0.8. Inflorescences were immersed in inoculation medium with gentle agitation for 

about 6-8 seconds, or inoculation medium was dripped via pipetting onto inflorescences to 

mimic a rain event. After inoculation, plants were covered with a dome for 24 hours to maintain 

high humidity. Slightly immature siliques were harvested 1.5-2 weeks after inoculation and 

air-dried for 3-4 weeks to allow seed maturation before proceeding with transformant selection 

via tissue culture. Selected transformants will be confirmed via semi-quantitative RT-PCR of 

TOP1 or both TOP1 and TOP2. 

 
Plant Tissue Culture 

 

Seed sterilization: Arabidopsis seeds were mixed with 70% EtOH for 1.5 minutes. After EtOH 

removal, seeds were shaken in 30% bleach solution (MQH2O + 30% NaClO + 0.05% Tween® 

20) for 5 minutes to complete sterilization. After bleach solution removal, seeds were washed at 

least 5 times with MQH2O and then resuspended in 0.1% Murashige and Skoog (MS) medium 

(MQH2O + 0.433% MS salts + 0.055% MES monohydrate + 1% sucrose; pH 5.7-5.8, adjusted 

using KOH) or 0.1% Basic Agar medium (MQH2O + 0.01% KNO3; pH adjustment unnecessary) 

before plating on growth media. Root analyses: seeds were plated on 0.8% MS, plates sealed 

with Micropore™ tape and incubated in darkness at 4°C for 2 days to break seed dormancy, and 

then transferred to a growth chamber. Eight similarly-sized seedlings per line of 10- to 12-days-

old were transferred to fresh media for optimal root visualization and comparative analyses at 

day 20. Transgenic line selection: Arabidopsis transformants carrying the bar resistance gene 

were selected on 0.8% MS + 0.867% glufosinate ammonium (Crescent Chemical Company; 

Islandia, NY, USA) using a method described by Nakamura et al. (2010), those carrying nptII 

gene were selected on 0.8% MS + 5% kanamycin using a method described by Xiang et al. 

(1999), and those carrying the hpt gene were selected on 0.8% Basic Agar + 2% hygromycin 

using a method described by Nakazawa and Matsui (2003). Plates were sealed with Micropore™ 

tape and incubated in darkness at 4°C for 2 days to break seed dormancy, and then transferred to 

a growth chamber. Transformants displaying 4 adult leaves were transplanted to Pro-Mix® BX 

soil to complete growth. 
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Resistance Response and Bacterial Growth Bioassays 
 

MTI and ETI resistance response phenotypes and in planta bacterial growth were analyzed 

following pathogen challenge using a method adapted from Katagiri et al. (2002). Plants of 3- to 

4-weeks-old were syringe-infiltrated, 3 leaves per plant, to saturation with 1 x 105 CFU/mL Pst 

DC3000 virulent, avrRpt2, avrRpm1, or ΔhrcC suspended in 10 mM MgCl2. Plants infiltrated 

with 10 mM MgCl2 served as controls for symptom background caused by MgCl2 and/or 

wounding caused by infiltration. The phenotypes of top1 and top2 mutant lines were compared 

with the Col-0 positive control and rps2 or rpm1 negative controls. Resistance response 

analyses: chlorotic cell death disease symptoms signified increased susceptibility toward the 

infecting Pst DC3000 strain. Average phenotypes were documented for each line 4 days post-

infiltration (dpi) and displayed in Figure 8. Bacterial growth bioassays: 3 leaf discs from 

infected leaves were collected from each of 8 plants per line at 0, 2, and 4 dpi, and then shaken at 

300 rpm for 1 hour at room temperature in extraction solution (10 mM MgCl2 + 0.01% Silwet 

L-77 surfactant + appropriate antibiotics). Dilutions (1:10, 1:100, 1:1000, 1:10000, 1:100000) 

using MQH2O were prepared and plated for colony growth analysis, thus giving 8 replicates per 

dilution per line for each dpi. Colony growth was observed and recorded for each line at the most 

discernible dilution ranges after 2 days incubation at 29°C, and mean colony forming units 

(CFU)/cm2 leaf tissue subsequently calculated. CFU/cm2 leaf tissue = ((# colonies)(dilution 

factor used to count)(dilution factor of plating)) ÷ ((disc area, πr2)(# discs)). 

 
3,3′-Diaminobenzidine Staining 

 

H2O2 production during the oxidative burst was qualitatively analyzed by 3,3′-Diaminobenzidine 

(DAB) staining using a method adapted from Hatsugai et al. (2009), Snyrychová et al. (2009), 

Thordal-Christensen et al. (1997), and Torres et al. (2002). Plants of 3- to 4-weeks-old were 

syringe-infiltrated, 4 half-leaves per plant, with 5 x 107 CFU/mL Pst DC3000 virulent, avrRpt2, 

or ΔhrcC suspended in 10 mM MgCl2 to elicit the oxidative burst. Plants infiltrated with 10 mM 

MgCl2 served as controls for symptom background caused by MgCl2 and/or wounding caused by 

infiltration. Leaves were fully stained with 1 mg/mL DAB (pH 6.5-6.8) at 0, 6, 9, and 12 hours 

post-inoculation via infiltration of leaf halves opposite that of MgCl2 or Pst DC3000 infiltration. 

DAB-infiltrated leaves were collected immediately and incubated within a moisture chamber for 
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8-12 hours, and then shaken in fixation solution (60% EtOH + 20% lactic acid + 20% glycerol) 

at 120 rpm for 5 hours before de-staining in 2.5 g/mL chloral hydrate. De-stained leaves were 

fixed to microscope slides using 50% glycerol, and then photographed within 1 week. top1 and 

top2 mutant lines were compared with the Col-0 positive control and rps2 negative control. DAB 

staining solution was prepared by dissolving DAB (97% purity; Sigma-Aldrich; St. Louis, MO, 

USA) in acidic MQH2O (pH 3.8 or lower, adjusted using HCl); just prior to use, pH was raised 

to 6.5-6.8 using NaOH. Experiment was conducted once with 4 replicates per experimental or 

MgCl2 control group per time point per line. DAB stained leaves resembling the average 

phenotype for each treatment and Arabidopsis line were selected for display in Figure 10. 

 
Trypan Blue Staining 

 

HR-PCD was qualitatively analyzed by Trypan Blue (TB) staining using a method adapted from 

Hatsugai et al. (2009), Keogh et al. (1980), and Koch and Slusarenko (1990). Plants of 3- to 

4-weeks-old were syringe-infiltrated, 3 half-leaves per plant, with 1 x 106 CFU/mL Pst DC3000 

virulent, avrRpt2, or ΔhrcC suspended in 10 mM MgCl2 to elicit the HR. Plants infiltrated with 

10 mM MgCl2 served as controls for symptom background caused by MgCl2 and/or wounding 

caused by infiltration. Infiltrated leaves were collected 24 hours post-inoculation and boiled in 

0.33 mg/mL TB staining solution for 5-8 minutes, and then incubated at room temperature for 12 

hours before de-staining in 2.5 g/mL chloral hydrate. De-stained leaves were fixed to microscope 

slides using 50% glycerol, and then photographed within 1 week. top1 and top2 mutant lines 

were compared with the Col-0 positive control and rps2 negative control. TB stock solution 

(0.67 mg/mL) was prepared by dissolving 30 g phenol crystals in 30 mL 85% lactic acid, and 

then mixing in 30 mL 80% glycerol, 30 mL MQH2O, and 0.06 g Trypan Blue (Sigma-Aldrich; 

St. Louis, MO, USA). TB working solution (0.33 mg/mL) was prepared by diluting the stock 

solution with 96% EtOH in a 1:2 v/v ratio. Experiment was conducted once with 9 replicates per 

experimental group per line and 6 replicates per MgCl2 control group per line. TB stained leaves 

resembling the average phenotype for each treatment and Arabidopsis line were selected for 

display in Figure 11. 
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Ion Leakage Analysis 
 

HR-PCD was quantitatively measured by ion leakage conductivity using a method adapted from 

Watanabe and Lam (2006), Watanabe and Lam (2008), and Watanabe and Lam (2011). Plants of 

3- to 4-weeks-old were syringe-infiltrated, 5 leaves per plant, to saturation with 1 x 106 CFU/mL 

Pst DC3000 avrRpt2 suspended in 10 mM MgCl2 to elicit the HR. Plants infiltrated with 10 mM 

MgCl2 served as controls for symptom background caused by MgCl2 and/or wounding caused by 

infiltration. For each replicate, 5 leaf discs—1 per each of the 5 inoculated leaves—were 

collected from non-infiltrated leaf halves at 0, 8, and 16 hours post-inoculation (hpi) and floated 

abaxial side up on 4 mL MQH2O. Leaf discs were shaken at 100 rpm at room temperature for 2 

hours before measuring conductivity of the bathing solutions. top1339, top2727, and top1439top2127 

mutant lines were compared with the Col-0 positive control and rps2 negative control. This 

small-scale experiment was conducted only once: 1 replicate per line at 0 hpi and 2-3 replicates 

per line at 8 and 16 hpi for the experimental group, and 1 replicate per line at 0, 8, and 16 hpi for 

the MgCl2 control group. Conductivity was measured using a PC 700 

pH/mV/Conductivity/°C/°F Bench Meter (Oakton Instruments; Vernon Hills, IL, USA) and 

calculated as µSiemens/cm leaf tissue. Pst-inoculated leaves resembling the average phenotype 

for each Arabidopsis line were selected for display in Figure 12, and whole plants are displayed 

in Figure S4. 

 
Salicylic Acid Leaf Infiltration 

 

SA-induced cell death was qualitatively analyzed by SA leaf infiltration using a method adapted 

from Brodersen et al. (2005) and Martinez et al. (2000). SA crystals (ReagentPlus®, >99% 

purity; Sigma-Aldrich; St. Louis, MO, USA) were dissolved in 100% EtOH. SA stock solution 

and 100% EtOH were diluted in 5 mM BIS-TRIS buffer (MQH2O + 0.105% BIS-TRIS) to 

prepare 5 mM SA and 10 mM SA working solutions and their respective controls, 0.5% EtOH 

and 1% EtOH. All working solutions were adjusted to pH 6.5-6.8 using HCl or NaOH. SA 

working solutions and EtOH controls were spot-infiltrated into separate 18-day-old plants (3 

leaves per plant, 5-8 plants per line per SA treatment and 4 plants per line per EtOH control 

treatment) in the center (adjacent to the midvein) of each leaf. top1 and top2 mutant lines were 

compared with the Col-0 positive control and analyzed for the amount of time elapsed before 
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SA-induced cell death symptoms appeared, the degree of cell death spread from the original site 

of infiltration, and the number of leaves showing cell death symptoms 1 week post-infiltration on 

a severity scale of 0 (no symptoms) to 2 (total leaf collapse) in 0.5 increments. Mean 

hypersensitive cell death severity for each line and SA treatment group was calculated as the 

average cell death severity score of all of the leaves analyzed. Model leaves representing 

phenotypes along the SA-induced cell death severity scale were selected for display in Figure 13. 

 
Primers 

 

Primers listed in Table S2 were synthesized by Eurofins MWG Operon. Refer to the TOP1 

Cloning and Semi-quantitative RT-PCR results sections for more details, and to Figure 14 and 

Figure 6 to determine the primers that correspond with each TOP1 clone or RT-PCR 

amplification fragment, respectively. 

 
Microscopy 

 

Plant tissues were visualized under white light using an Olympus SZX12 Stereo Microscope. 

Magnifications used for photos: 60X for roots, 10X for whole leaves, and 90X for zoomed-in 

leaves. 

 
DNA Sequencing 

 

Sanger(3730XL) DNA sequencing services were provided by the Cornell University Core 

Laboratories Center. Sequencing results were analyzed using the DNASTAR Lasergene® 

SeqMan Pro™ program. 

 
Statistical Analyses 

 

Significance values for all quantitative assays were calculated using Student’s t test. Significance 

parameters: two-tailed distribution; two-sample unequal variance; and  = p < 0.01, 

 = p < 0.001, and  = p < 0.0001. 
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Accession Numbers 
 

Sequence data from this article can be found in the Arabidopsis Genome Initiative or 

GenBank/EMBL databases under accession numbers At5g65620 (TOP1) and At5g10540 

(TOP2). 

 
Supplemental Data 

 

Supplemental Figure 1. Salicylic acid functions and hypothetical signaling pathways. 

Supplemental Figure 2. Root phenotypes of top1, top2, and top1 top2 mutants. 

Supplemental Figure 3. DAB staining replicate sets at 6 hours post-infiltration. 

Supplemental Figure 4. HR phenotypes of top1, top2, and top1 top2 mutants. 

Supplemental Table 1. TOP1 and TOP2 T-DNA-tagged mutant lines. 

Supplemental Table 2. Primers used for T-DNA insertion check, semi-quantitative RT-PCR, 

cloning, colony PCR check, and sequencing. 

Supplemental Table 3. Expected semi-quantitative RT-PCR product sizes for wild-type TOP1 

and TOP2. 

Supplemental Table 4. Vectors used for TOP1 cloning. 

Supplemental Table 5. TOP1 and TOP2 homology with Homo sapiens and Mus musculus 

proteins. 
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purification of TOP1 from Agrobacterium-infiltrated N. benthamiana leaves. Lane 4 shows 

purified recombinant TOP1 (MW ≈ 89 + 25 kDa). Lanes 1-3 show the intermediate purification 

steps: 1 = crude extract, 2 = supernatant after TOP1 pull-down using IgG beads, and 4 = IgG 

beads after cleavage. (II) SDS PAGE gel following metal affinity chromatography purification 

of recombinant TOP1 (arrow; MW ≈ 89 kDa) from transgenic E. coli BL21 cells. Purification 

steps: FT = flow-through, W = wash, and E = eluted protein. Protein purifications were 

performed by Dr. Moreau and Giulio Zampogna. (B) SA can compete with 4-AzSA for binding 

recombinant TOP1. Recombinant TOP1 (MW = 89 + 25 kDa) purified from N. benthamiana was 

incubated with 500 µM 4-AzSA and cross-linked under 50 mJ UV light (3). After separation 

using SDS PAGE, the anti-SA antibody was used to probe for 4-AzSA. Control incubations 

lacking 4-AzSA (2) or without UV exposure (1) were also performed. Cross-linking in the 

presence of 20 fold excess SA (4) revealed the specificity of the 4-AzSA-TOP1 interaction. 

Relative protein concentrations are represented in the Coomassie Brilliant Blue-stained 

membrane. Experiment conducted by Dr. Moreau. (C) TOP1-SA binding may be too weak to 

accurately calculate specificity using [3H]SA exclusion chromatography. Incubations consisting 

of 20 µg protein in the presence of 600 nM [3H]SA (total binding) were conducted on ice for 1 

hour. Incubations in the presence of 8,000 fold excess SA (+ 5 mM SA) were performed to 

quantify nonspecific binding. Radioactivity was counted after gel filtration. Tobacco Salicylic 

Acid-binding Protein 2 (SABP2) serves as a positive control, whereas the SABP2 A13L deletion 

mutant and non-SABP glutathione peroxidase-like protein-1 (GPX1) serve as negative controls. 

The difference in dpm for TOP1 between the 600 nM [3H]SA and 600 nM [3H]SA + 5 mM SA 

treatments is not significantly different than that of the negative controls (Student’s t-test 

parameters: two-tailed distribution, two-sample unequal variance,  = p < 0.01). Experiment 

was conducted by Dr. Moreau, with statistical analysis by Giulio Zampogna. Note: this 

experiment was repeated by Dr. Moreau and yielded significant results that confirm TOP1-SA 

binding specificity (data not shown).
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Figure 9: Pst DC3000 bacterial growth in top1 and top2 single mutant leaves is comparable to the wild-type. Plants were 

inoculated as described in Figure 8. Three leaf discs were collected from each of 8 plants per line at 0, 2, and 4 dpi and shaken at 300 

rpm for 1 hour at room temperature in 10 mM MgCl2 + 0.01% Silwet L-77 surfactant + appropriate antibiotic(s) to extract the 

bacteria. Dilutions were prepared and plated for colony growth analysis, thus giving 8 replicates per dilution per line for each dpi. 

Colony growth was observed and recorded for each line at the most discernible dilution ranges after 2 days incubation at 29°C. Mean 

CFU/cm2 leaf tissue was calculated and plotted as above for (A) Pst DC3000 virulent, (B) Pst DC3000 ΔhrcC, (C) Pst DC3000 

avrRpt2, and (D) Pst DC3000 avrRpm1. Experiments were repeated once (6-8 replicates) for (A), (B), and top2127 and top2727 in (C), 

and three times (20-24 replicates) for (C) and (D). Stars represent significant differences in comparison to Col-0 wild-type plants 

(Student’s t-test parameters: two-tailed distribution, two-sample unequal variance,  = p < 0.01,  = p < 0.001, and  = 

p < 0.0001). Abbreviations: CFU = colony forming units, dpi = days post-inoculation, rpm = revolutions per minute, and 

Pst DC3000 = Pseudomonas syringae pv. tomato DC3000.
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6.8) DAB at 0, 6, 9, and 12 hpi via infiltration of leaf halves opposite that of MgCl2 or Pst 

DC3000 infiltration. Experiment was conducted once with 4 replicates per experimental or 

control group per time point per line (see Figure S3 for all 6 hpi replicates), and the scoring 

system depicts the number of leaves resembling the pictured leaf within each replicate set. 

Abbreviations: CFU = colony forming units, DAB = 3,3’-Diaminobenzidine, hpi = hours post-

inoculation, and  Pst DC3000 = Pseudomonas syringae pv. tomato DC3000. 
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served as controls for symptom background caused by MgCl2 and/or wounding caused by 

infiltration. Infiltrated leaves were collected 24 hpi and boiled in 0.33 mg/mL TB staining 

solution for 5-8 minutes. Experiment was conducted once with 9 replicates per experimental 

group per line and 6 replicates per MgCl2 control group per line, and the scoring system depicts 

the number of leaves resembling the pictured leaf within each replicate set. Abbreviations: 

CFU = colony forming units, hpi = hours post-inoculation, HR = hypersensitive response, 

PCD = programmed cell death, Pst DC3000 = Pseudomonas syringae pv. tomato DC3000, and 

TB = Trypan Blue. 
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(not shown). Approximately 3 leaves per plant were spot-infiltrated, with 5-8 plants used for 

both SA treatments and 4 plants used for both EtOH control treatments. Leaf phenotypes were 

scored 1 week post-infiltration. (B) Leaves were scored on a cell death severity scale of 0 (no 

symptoms) to 2 (total leaf collapse). EtOH controls were identical between all lines, showing 

very little or no cell death symptoms. Stars represent significant differences in comparison to 

Col-0 wild-type (Student’s t-test parameters: two-tailed distribution, two-sample unequal 

variance,  = p < 0.01). EtOH = ethanol, HR = hypersensitive response, and SA = salicylic acid. 
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Tables 
 

Table 1: TOP1 and TOP2 may be paralogous within Arabidopsis. According to the Plant 

Proteome Database (PPDB) and Basic Local Alignment Search Tool (BLAST), TOP1 and TOP2 

are also highly homologous with metalloendopeptidases found in Oryza sativa, Zea mays, and 

several algae and cyanobacteria species. Abbreviations: bp = base pair and aa = amino acid. 

 

  TOP1  TOP2  Homology (%)* 

Genomic DNA (bp)  3972  6907  45 

cDNA (bp)  2514  2852  85 

Coding Sequence (bp)  2376  2106  88 

Protein (aa)  791  701  82.3 
* % Homology was determined by sequence alignment between cDNAs or protein primary 
sequences using the DNASTAR Lasergene® SeqMan™ or MegAlign™ (Clustal W alignment) 
programs, respectively. 
 

 

Table 2: TOP1 and TOP2 predicted subcellular localizations. Results were obtained using 

the TargetP subcellular localization neural network predictor (see Emanuelsson et al. (2007)). 

According to the SUB-cellular location database for Arabidopsis proteins (SUBA), other 

predictors designate TOP1 to the mitochondrion, nucleus, and peroxisome, and TOP2 to the 

cytosol and peroxisome. 

 

  TOP1  TOP2 

Protein Length (aa)  791  701 

Chloroplast (CP) Transit Peptide  0.905  0.167 

Mitochondrial (MT) Targeting Peptide  0.351  0.096 

Signal Peptide (Endoplasmic Reticulum (ER))  0.000  0.075 

Other  0.008  0.793 

Predicted Subcellular Localization  CP 
Any other location 

besides CP, MT, and ER

*Reliability Class  3  2 
* Ranges from the strongest (1) to weakest (5) prediction; based on the size difference between 
the first and second highest prediction scores. 
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Figure and Table Legends 
 

Figure 1: Screening for pSABPs using the functional protein microarray FPM-5000. 

(A) Detection of protein-4-AzSA interaction using the anti-SA antibody. (I) Molecular structure 

of 4-AzSA. (II) Method used to probe for pSABPs. (1) Printing: Arabidopsis proteins were 

adhered to the chip surface. (2) Probing: 4-AzSA fit into the binding pockets of compatible 

proteins. (3) UV light triggered cross-linking between the 4-AzSA azide group (N3) and the 

bound protein; chips were washed to remove unbound and weakly bound 4-AzSA. (4) and (5) 

Hybridization: the anti-SA antibody recognized 4-AzSA, and the Cy5 secondary antibody 

recognized IgG. (6) Scanning: chip was scanned at 633 nm. Schematic created by Dr. Moreau. 

(B) Detection of 4-AzSA cross-linked to proteins on the FPM-5000. Microarrays were incubated 

with or without 1 mM 4-AzSA for 1 hour, cross-linked under 500 mJ UV light, and probed with 

the anti-SA antibody. Proteins printed on the microarray surface are clearly visible as distinct 

dots within the amplified box; proteins that bound 4-AzSA are colored yellow to white, whereas 

those that did not are colored green to violet (see color scale). Photos taken by Dr. Moreau. 

Abbreviations: 4-AzSA = 4-Azidosalicylic acid, pSABP = putative salicylic acid-binding 

protein, and IgG = immunoglobulin G. 

 

Figure 2: Recombinant TOP1 binds 4-AzSA and SA with specificity. (A) Recombinant TOP1 

purification from Nicotiana benthamiana and Escherichia coli. (I) Western blot following the 

purification of TOP1 from Agrobacterium-infiltrated N. benthamiana leaves. Lane 4 shows 

purified recombinant TOP1 (MW ≈ 89 + 25 kDa). Lanes 1-3 show the intermediate purification 

steps: 1 = crude extract, 2 = supernatant after TOP1 pull-down using IgG beads, and 4 = IgG 

beads after cleavage. (II) SDS PAGE gel following metal affinity chromatography purification 

of recombinant TOP1 (arrow; MW ≈ 89 kDa) from transgenic E. coli BL21 cells. Purification 

steps: FT = flow-through, W = wash, and E = eluted protein. Protein purifications were 

performed by Dr. Moreau and Giulio Zampogna. (B) SA can compete with 4-AzSA for binding 

recombinant TOP1. Recombinant TOP1 (MW = 89 + 25 kDa) purified from N. benthamiana was 

incubated with 500 µM 4-AzSA and cross-linked under 50 mJ UV light (3). After separation 

using SDS PAGE, the anti-SA antibody was used to probe for 4-AzSA. Control incubations 

lacking 4-AzSA (2) or without UV exposure (1) were also performed. Cross-linking in the 
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presence of 20 fold excess SA (4) revealed the specificity of the 4-AzSA-TOP1 interaction. 

Relative protein concentrations are represented in the Coomassie Brilliant Blue-stained 

membrane. Experiment conducted by Dr. Moreau. (C) TOP1-SA binding may be too weak to 

accurately calculate specificity using [3H]SA exclusion chromatography. Incubations consisting 

of 20 µg protein in the presence of 600 nM [3H]SA (total binding) were conducted on ice for 1 

hour. Incubations in the presence of 8,000 fold excess SA (+ 5 mM SA) were performed to 

quantify nonspecific binding. Radioactivity was counted after gel filtration. Tobacco Salicylic 

Acid-binding Protein 2 (SABP2) serves as a positive control, whereas the SABP2 A13L deletion 

mutant and non-SABP glutathione peroxidase-like protein-1 (GPX1) serve as negative controls. 

The difference in dpm for TOP1 between the 600 nM [3H]SA and 600 nM [3H]SA + 5 mM SA 

treatments is not significantly different than that of the negative controls (Student’s t-test 

parameters: two-tailed distribution, two-sample unequal variance,  = p < 0.01). Experiment 

was conducted by Dr. Moreau, with statistical analysis by Giulio Zampogna. Note: this 

experiment was repeated by Dr. Moreau and yielded significant results that confirm TOP1-SA 

binding specificity (data not shown). 

 

Figure 3: TOP1 and TOP2 gene structures and characteristics. Triangles depict T-DNA 

insertion locations. Arrows indicate transcriptional direction. Blue = exons. Gray = introns. 

Purple = overlapping genes. Diagram is approximately to scale. Figure information was adapted 

from The Arabidopsis Information Resource (TAIR), MEROPS the Peptidase Database, the 

Arabidopsis Gene Regulatory Information Server (AGRIS), and Beers et al. (2000). 

Abbreviations: UTR = untranslated region, bp = base pair, and kbp = kilobase pair. 

 

Figure 4: Predicted TOP1 and TOP2 protein structures. Diagram is to scale. Figure 

information was adapted from The Arabidopsis Information Resource (TAIR), MEROPS the 

Peptidase Database, and PROSITE Motif Scan. Motif logos and consensus sequence patterns 

were copied directly from PROSITE Motif Scan (http://myhits.isb-sib.ch/cgi-bin/motif_scan). 

Abbreviations: aa = amino acid, kDa = kilodalton, C = C-terminus, and N = N-terminus. 

 

Figure 5: top1, top2, and top1 top2 T-DNA-tagged mutant line zygosities. See Figure 2 and 

Table S2 for T-DNA insert locations and expected PCR product sizes. DNA was extracted from 
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rosette leaves of 2-weeks-old plants. PCR reactions to confirm T-DNA insertions in top2127, 

top1339top2127, and top1439top2127 revealed a second smaller, fainter DNA band below the 

expected-sized brighter band; this is most likely a cross-reaction of the T-DNA BP and 127 RP 

primer pair elsewhere in the genome rather than amplification of a second T-DNA insertion. 

DNA marker is shown in base pairs. Abbreviations: LP and RP = left and right genomic DNA 

primers, BP = T-DNA border primer, WT = wild-type, and HM = homozygous for the T-DNA 

insertion(s). 

 

Figure 6: TOP1 and TOP2 cDNA alignment and semi-quantitative RT-PCR primer pair 

locations. Small arrows represent primers, and numbers 1-6 designate primer pairs used for 

semi-quantitative RT-PCR: (1) = 5′ TOP1, (2) = TOP1 between 339 and 439 insertions, 

(3) = 3′ TOP1, (4) = 5′ TOP2, (5) = TOP2 between 127 and 727 insertions, and (6) = 3′ TOP2. 

Red arrows represent primers that are unique to either TOP1 or TOP2, whereas orange arrows 

represent primers that are identical between TOP1 and TOP2. Diagram is approximately to scale. 

Figure information adapted from The Arabidopsis Information Resource (TAIR) and a 

TOP1—TOP2 cDNA sequence alignment using the DNASTAR Lasergene® MegAlign™ (Clustal 

W alignment) program. Abbreviations: 5′ = 5′ untranslated region, 3′ = 3′ untranslated region, 

and bp = base pair. 

 

Figure 7: Semi-quantitative RT-PCR of top1, top2, and top1 top2 T-DNA-tagged mutant 

lines. RNA was extracted from rosette leaves of 2-weeks-old plants. Numbers 1-6 designate 

primer pairs used for semi-quantitative RT-PCR (see Figure 5). See Table S3 for expected PCR 

product sizes. Color outlines: red = no Col-0 wild-type control, blue = no Actin-1 control, 

green = no Col-0 wild-type and Actin-1 controls, and yellow = cDNA amplification products 

derived from the first row of RNA extracts. All PCR fragments without a yellow outline were 

derived from the second row of RNA extracts. 

 

Figure 8: top1 and top2 single mutants do not display resistance phenotypes due to defects 

in MTI or ETI. Plants of 3- to 4-weeks-old were syringe-infiltrated, 3 leaves per plant, to 

saturation with either 10 mM MgCl2 (C) or 1 x 105 CFU/mL Pst DC3000 virulent (A), Pst 

DC3000 ΔhrcC (B),  Pst DC3000 avrRpt2 (D), or Pst DC3000 avrRpm1 (E). Pictures were taken 
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at 4 dpi. Chlorotic cell death disease symptoms signify susceptibility toward the infecting Pst 

strain. Col-0 wild-type = positive control and rps2 and rpm1 = negative controls. Pst DC3000 

virulent = test for disease symptom defects or altered resistance. Pst DC3000 ΔhrcC strain = test 

for MTI defects. Pst DC3000 avirulent avrRpt2 and avrRpm1 = test for ETI defects. Plants 

infiltrated with 10 mM MgCl2 served as controls for symptom background caused by MgCl2 

and/or wounding caused by infiltration. Abbreviations: CFU = colony forming units, dpi = days 

post-inoculation, ETI = effector-triggered immunity, MTI = microbe/pathogen-associated 

molecular pattern-triggered immunity, and Pst DC3000 = Pseudomonas syringae pv. tomato 

DC3000. 

 

Figure 9: Pst DC3000 bacterial growth in top1 and top2 single mutant leaves is comparable 

to the wild-type. Plants were inoculated as described in Figure 8. Three leaf discs were collected 

from each of 8 plants per line at 0, 2, and 4 dpi and shaken at 300 rpm for 1 hour at room 

temperature in 10 mM MgCl2 + 0.01% Silwet L-77 surfactant + appropriate antibiotic(s) to 

extract the bacteria. Dilutions were prepared and plated for colony growth analysis, thus giving 8 

replicates per dilution per line for each dpi. Colony growth was observed and recorded for each 

line at the most discernible dilution ranges after 2 days incubation at 29°C. Mean CFU/cm2 leaf 

tissue was calculated and plotted as above for (A) Pst DC3000 virulent, (B) Pst DC3000 ΔhrcC, 

(C) Pst DC3000 avrRpt2, and (D) Pst DC3000 avrRpm1. Experiments were repeated once (6-8 

replicates) for (A), (B), and top2127 and top2727 in (C), and three times (20-24 replicates) for (C) 

and (D). Stars represent significant differences in comparison to Col-0 wild-type plants 

(Student’s t-test parameters: two-tailed distribution, two-sample unequal variance, 

 = p < 0.01,  = p < 0.001, and  = p < 0.0001). Abbreviations: CFU = colony forming 

units, dpi = days post-inoculation, rpm = revolutions per minute, and Pst DC3000 = 

Pseudomonas syringae pv. tomato DC3000. 

 

Figure 10: TOP1 and TOP2 may antagonistically regulate H2O2 accumulation during the 

oxidative burst. Figure set is continued on the next 3 pages. Plants of 3- to 4-weeks-old were 

syringe-infiltrated, 4 half-leaves per plant, with either 10 mM MgCl2 (D) or 5 x 107 CFU/mL Pst 

DC3000 avrRpt2 (A), virulent (B), or ΔhrcC (C). Leaves were stained with 1 mg/mL (pH 6.5-

6.8) DAB at 0, 6, 9, and 12 hpi via infiltration of leaf halves opposite that of MgCl2 or Pst 
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DC3000 infiltration. Experiment was conducted once with 4 replicates per experimental or 

control group per time point per line (see Figure S3 for all 6 hpi replicates), and the scoring 

system depicts the number of leaves resembling the pictured leaf within each replicate set. 

Abbreviations: CFU = colony forming units, DAB = 3,3’-Diaminobenzidine, hpi = hours post-

inoculation, and  Pst DC3000 = Pseudomonas syringae pv. tomato DC3000. 

 

Figure 10 (continued): TOP1 and TOP2 may antagonistically regulate H2O2 accumulation 

during the oxidative burst. (B) Pst DC3000 virulent. Figure set is continued on the next 2 

pages. See (A) for figure description. 

 

Figure 10 (continued): TOP1 and TOP2 may antagonistically regulate H2O2 accumulation 

during the oxidative burst. (C) Pst DC3000 ΔhrcC. Figure set is continued on the next page. 

See (A) for figure description. 

 

Figure 10 (continued): TOP1 and TOP2 may antagonistically regulate H2O2 accumulation 

during the oxidative burst. (D) 10 mM MgCl2. Figure set continued on the previous 3 pages. 

See (A) for figure description. 

 

Figure 11: top1 and top2 single mutants have normal HR-PCD levels at 24 hpi. Plants of 3- 

to 4-weeks-old were syringe-infiltrated, 3 half-leaves per plant, with either 10 mM MgCl2 or 

1 x 106 CFU/mL Pst DC3000 avrRpt2, virulent, or ΔhrcC. Plants infiltrated with 10 mM MgCl2 

served as controls for symptom background caused by MgCl2 and/or wounding caused by 

infiltration. Infiltrated leaves were collected 24 hpi and boiled in 0.33 mg/mL TB staining 

solution for 5-8 minutes. Experiment was conducted once with 9 replicates per experimental 

group per line and 6 replicates per MgCl2 control group per line, and the scoring system depicts 

the number of leaves resembling the pictured leaf within each replicate set. Abbreviations: 

CFU = colony forming units, hpi = hours post-inoculation, HR = hypersensitive response, 

PCD = programmed cell death, Pst DC3000 = Pseudomonas syringae pv. tomato DC3000, and 

TB = Trypan Blue. 
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Figure 12: TOP1 and TOP2 may antagonistically regulate HR-PCD. Plants of 3- to 

4-weeks-old were syringe-infiltrated, 5 leaves per plant, to saturation with 1 x 106 CFU/mL Pst 

DC3000 avrRpt2 to elicit the HR. (A) Conductivity was used as a quantitative measure of PCD. 

For each replicate, 5 leaf discs—1 per each of the 5 inoculated leaves—were collected from non-

infiltrated leaf halves at 0, 8, and 16 hpi and floated abaxial side up on 4 mL MQH2O. Leaf discs 

were shaken at 100 rpm at room temperature for 2 hours before measuring conductivity of the 

bathing solutions. Plants infiltrated with 10 mM MgCl2 served as controls for symptom 

background caused by MgCl2 and/or wounding caused by infiltration. Stars represent significant 

differences in comparison to Col-0 (Student’s t-test parameters: two-tailed distribution, two-

sample unequal variance,  = p < 0.01). (B) top1339 and top2727 single mutants phenotypically 

resemble the Col-0 positive control, whereas the top1439top2127 double mutant phenotypically 

resembles the rps2 negative control. Picture was taken 2-3 dpi. Abbreviations: CFU = colony 

forming units, hpi = hours post-inoculation, HR = hypersensitive response, PCD = programmed 

cell death, rpm = revolutions per minute, and µS = µSiemens. 

 

Figure 13: top2 single mutants have decreased sensitivity to SA-induced cell death. 

(A) Leaves of 18-days-old plants were infiltrated with 5 mM SA, 10 mM SA, or EtOH controls 

(not shown). Approximately 3 leaves per plant were spot-infiltrated, with 5-8 plants used for 

both SA treatments and 4 plants used for both EtOH control treatments. Leaf phenotypes were 

scored 1 week post-infiltration. (B) Leaves were scored on a cell death severity scale of 0 (no 

symptoms) to 2 (total leaf collapse). EtOH controls were identical between all lines, showing 

very little or no cell death symptoms. Stars represent significant differences in comparison to 

Col-0 wild-type (Student’s t-test parameters: two-tailed distribution, two-sample unequal 

variance,  = p < 0.01). EtOH = ethanol, HR = hypersensitive response, and SA = salicylic acid. 

 

Figure 14: TOP1 expression clones and transgenic Arabidopsis lines. Genomic = TOP1 

genomic DNA, cDNA = TOP1 cDNA, Pro = 2 kbp TOP1 predicted promoter, 500bp cDNA = 

TOP1 sequence sharing 88% homology with TOP2, 3xS = 3 stop codons, ns = no stop codon, 

NOS = nopaline synthase terminator, mGFP = free green fluorescent protein marker, GUS = 

beta-glucuronidase reporter gene, HA = hemagglutinin tag, 6xHis = hexahistidine tag, 35s = 
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CaMV constitutive promoter, and XVE+OLexA = E2-inducible expression system. *Generously 

provided by the Lee lab. 

 

Figure 15: Models of TOP1 and TOP2 in vivo functions. Refer to main text for details 

regarding the working model (A) and speculative model (B). Preliminary experiments revealed 

that SA inhibits TOP1 proteolytic activity (data not shown). TOP1 and TOP2 may enforce 

chloroplast integrity by regulating net ROS production and PCD, or may do so through other 

presently unknown mechanisms. Symbols: arrowheads = promotes, perpendicular lines = 

inhibits, circles = unknown whether upstream component promotes or inhibits, and diamond = 

epistatic to targeted connection. Abbreviations: HR = hypersensitive response, PCD = 

programmed cell death, PSII = Photosystem II, ROS = reactive oxygen species, SA = salicylic 

acid, and SAR = systemic acquired resistance. 

 

Table 1: TOP1 and TOP2 may be paralogous within Arabidopsis. According to the Plant 

Proteome Database (PPDB) and Basic Local Alignment Search Tool (BLAST), TOP1 and TOP2 

are also highly homologous with metalloendopeptidases found in Oryza sativa, Zea mays, and 

several algae and cyanobacteria species. Abbreviations: bp = base pair and aa = amino acid. 

 

Table 2: TOP1 and TOP2 predicted subcellular localizations. Results were obtained using 

the TargetP subcellular localization neural network predictor (see Emanuelsson et al. (2007)). 

According to the SUB-cellular location database for Arabidopsis proteins (SUBA), other 

predictors designate TOP1 to the mitochondrion, nucleus, and peroxisome, and TOP2 to the 

cytosol and peroxisome. 
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Supplementary Tables 
 

Table S1: TOP1 and TOP2 T-DNA-tagged mutant lines. Table information was adapted from The Arabidopsis Information 

Resource (TAIR) and T-DNA Express: Arabidopsis Gene Mapping Tool. Abbreviations: bp = base pair, LP and RP = left and right 

genomic DNA primers, and BP = T-DNA border primer. 

 

 
T‐DNA‐tagged 
Mutant Line 

LP+RP 
PCR Product 
Size (bp) 

BP+RP 
PCR Product 
Size (bp) 

Insert Size 
(bp) 

Genomic DNA 
Insert 

Location (bp) 

TOP1 

SALK_061339.56.00.x  1000  488‐788  365 
Exon 6 
1256 

SALK_058439.18.65.n  990  444‐744  269 
Exon 15 
3467 

SAIL_879_E07  1218  534‐834  948 
5ʼUTR 
‐11 

SAIL_227_G04  969  442‐742  915 
Exon 10 
2368 

TOP2 

SALK_013127.55.50.x  1041  488‐788  174 
Intron 2 
654 

SALK_086727.55.20.x  1151  501‐801  387 
Exon 5 
1233 

SALK_138509.47.60.x  1106  555‐872  440 
Promoter 

‐130 

SALK_127554.25.15.x  1106  555‐872  458 
Promoter 

‐147 
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Table S2: Primers used for T-DNA insertion check, semi-quantitative RT-PCR, cloning, colony PCR check, and sequencing.  

Abbreviations: FWD = forward primer, RV = reverse primer, LP = left border genomic primer, RP = right border genomic primer, 

BP = T-DNA border primer, Pro = 2 kbp TOP1 predicted promoter, ORF = open reading frame, 500bp cDNA = TOP1 sequence 

sharing 88% homology with TOP2, 3xS = 3 stop codons, ns = no stop codon, att = Gateway® recombination sites, and nt = nucleotide. 
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Table S3: Expected semi-quantitative RT-PCR product sizes for wild-type TOP1 and 

TOP2. Numbers 1-6 designate primer pairs: (1) = 5′ TOP1, (2) = TOP1 between 339 and 439 

insertions, (3) = 3′ TOP1, (4) = 5′ TOP2, (5) = TOP2 between 127 and 727 insertions, and (6) = 

3′ TOP2. Actin 1 was amplified as an endogenous control. 

 

TOP1 Primer Pair 
PCR Product Size (bp) 

TOP2 Primer Pair 
TOP1 cDNA  TOP2 cDNA 

1  334  261  4 

2  407  159  5 

3  256  318  6 

Actin 1  391  Actin 1 
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Table S4: Vectors used for TOP1 cloning. Abbreviations: ABRC = Arabidopsis Biological Resource Center, and ihp = intron-
containing hairpin. 

 

Vector  Purpose  Cloning Method  Source  Creators and References 

pDONR™ 221  Entry/Intermediate Clone  Gateway®  Invitrogen  Invitrogen 

pDONR™ /Zeo  Entry/Intermediate Clone  Gateway®  Invitrogen  Invitrogen 

pDONR™ P4‐P1r  Entry/Intermediate Clone  Gateway®  Invitrogen  Invitrogen 

pDONR™ P2R‐P3  Entry/Intermediate Clone  Gateway®  Invitrogen  Invitrogen 

pEarleyGate 103 
Constitutive Subcellular 

Localization 
Gateway®  ABRC  Earley et al. (2006) 

pEarleyGate 301  Native Complex Pull‐down  Gateway®  ABRC  Earley et al. (2006) 

pMDC7  Inducible Overexpression  Gateway® 
Institute of Plant Biology 
and Zürich‐Basel Plant 

Science Centre 
Curtis and Grossniklaus (2003) 

pMDC123  Complementation  Gateway®  ABRC  Curtis and Grossniklaus (2003) 

pMDC164  Native Tissue‐specific Localization  Gateway®  ABRC  Curtis and Grossniklaus (2003) 

dpGreen BarT  Native Subcellular Localization  MultiSite Gateway®  Ji‐Young Lee Lab 
Lee Lab at the Boyce Thompson 
Institute for Plant Research 

pSK‐int  ihp‐RNA‐encoding Intermediate 
Restriction 

Digestion‐Ligation 
Rockefeller University 

Guo et al. (2003), 
Zuo et al. (2000), 

and Zuo et al. (2006) 

pX7  Inducible‐constitutive RNAi 
Restriction 

Digestion‐Ligation 
Rockefeller University  Zuo et al. (2006) 

pER8  Inducible‐quantitative RNAi 
Restriction 

Digestion‐Ligation 
Rockefeller University  Zuo et al. (2006) 

pHELLSGATE 12  Constitutive RNAi  Gateway®  CSIRO Plant Industry 
Helliwell and Waterhouse (2003) 

and Wesley et al. (2001) 
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Table S5: TOP1 and TOP2 homology with Homo sapiens and Mus musculus proteins. 
 

Homo sapiens 
Homology (%)* 

Mus muculus 
TOP1  TOP2  TOP1  TOP2 

Thimet Oligopeptidase  20.1  24.8  27.4  27.2  Thimet Oligopeptidase 

Mitochondrial Neurolysin  23.7  30.3  27.2  27.3 
Mitochondrial Neurolysin 

Precursor 

Mitochondrial 
Intermediate Peptidase 

22.1  32.1  23.7  24.0 
Mitochondrial 

Intermediate Peptidase 
Precursor 

* % Homology was determined by sequence alignment between protein primary sequences 
using the DNASTAR Lasergene® MegAlign™ (Clustal W alignment) program. 
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Supplementary Figure and Table Legends 
 

Figure S1: Salicylic acid functions and hypothetical signaling pathways. SA and Aspirin 

molecular structures were copied from 3Dchem.com (http://www.3dchem.com). Abbreviations: 

SABPs = salicylic acid-binding proteins. 

 

Figure S2: Root phenotypes of top1, top2, and top1 top2 mutants. Roots of 20-days-old 

seedlings grown on nutrient media were visualized at 60X magnification. On average, top1339 

may have had shorter root length (not shown) compared to the Col-0 wild-type, top2127, and 

top1439top2127. 

 

Figure S3: DAB staining replicate sets at 6 hours post-infiltration. See Figure 10 for a 

description of the experiment. Entire replicate sets at 0, 9, and 12 hpi were not documented, but 

the most representative leaves were photographed for display in Figure 10. 

 

Figure S4: HR phenotypes of top1, top2, and top1 top2 mutants. Plants of 3- to 4-weeks-old 

were photographed 2-3 dpi of whole leaves with 1 x 106 CFU/mL Pst DC3000 avrRpt2. Small 

leaves (circled) displayed severe disease symptoms or collapse, but are not representative of fully 

grown adult leaves; therefore, they should be discounted when interpreting the overall 

phenotypes. Abbreviations: CFU = colony forming units, dpi = days post-inoculation, and HR = 

hypersensitive response. 

 

Table S1: TOP1 and TOP2 T-DNA-tagged mutant lines. Table information was adapted from 

The Arabidopsis Information Resource (TAIR) and T-DNA Express: Arabidopsis Gene Mapping 

Tool. Abbreviations: bp = base pair, LP and RP = left and right genomic DNA primers, and BP = 

T-DNA border primer. 

 

Table S2: Primers used for T-DNA insertion check, semi-quantitative RT-PCR, cloning, 

colony PCR check, and sequencing.  Abbreviations: FWD = forward primer, RV = reverse 

primer, LP = left border genomic primer, RP = right border genomic primer, BP = T-DNA 

border primer, Pro = 2 kbp TOP1 predicted promoter, ORF = open reading frame, 
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500bp cDNA = TOP1 sequence sharing 88% homology with TOP2, 3xS = 3 stop codons, ns = 

no stop codon, att = Gateway® recombination sites, and nt = nucleotide. 

 

Table S3: Expected semi-quantitative RT-PCR product sizes for wild-type TOP1 and 

TOP2. Numbers 1-6 designate primer pairs: (1) = 5′ TOP1, (2) = TOP1 between 339 and 439 

insertions, (3) = 3′ TOP1, (4) = 5′ TOP2, (5) = TOP2 between 127 and 727 insertions, and (6) = 

3′ TOP2. Actin 1 was amplified as an endogenous control. 

 

Table S4: Vectors used for TOP1 cloning. Abbreviations: ABRC = Arabidopsis Biological 

Resource Center, and ihp = intron-containing hairpin. 

 

Table S5: TOP1 and TOP2 homology with Homo sapiens and Mus musculus proteins. 
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